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Abstract

The role of microorganisms in the deterioration of fuels and in the

production of sludges and surfactanrs was investigated. RP-I and CITE (Ca-

pression Ignition Turbine Engine) fuels supported microbial growth in 10%

natural sea water medium. Growth w. s stimulated by three approved fuel

soluble corrosion inhibitors and by the addition of inorganic nitrogen and

phosphorus salts to the aqueous medium. However, fuel exposed to microorganisms

for 16 weeks still met Military specifications for qualit7.

The type of hydrocarbon fuel component which supported erowth of

eight pure and mixed cultures of bacteria and fungi was established. These

cultures were then used to produce sludge from fuel and pure hydrocarbons.

Methods were outlined for the fractionation and analysis of sludge. Insoluble

sludge was found to be primarily microbial cells. Several solvent soluble

fractions were characterized as normal cell components and fuel components

oxidized by the test organisms. No substantial accumulations of extracellular

proteins and carbohydrates were observed.

Comparison of microbial sludge from the la~er~tory with a field

sample indicated both contained essentially the aame components. However,

microbial sludge was markedly different from normal fuel chemical oxidation

products.

Fuel:water eaulsions were stabilized by cells and probably

microbially oxidized fuel camponents. Metabolic studies indicated that

recognized pathways were followed for the oxidation of n-paraffina and

naphthalene.
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MICROBIAL UTILIZATION OF HYDROCARBON FUEL
FORMULATIONE WITH THE PRODUCTION OF GUM5, SLIME,

SLUDGE AND SURFACE ACTIVE COMPOUNDS

I. Introduction

Microbiological problems associated with the handling and use of both
Military and Commercial jet fuels have received considerable attention in recent
years. Information obtained on jet fuel prompted investigations of microbial
problems associated with other distillate fuels, Only a paucity of information
was available on the role of microorganisms in filter plugging and instability
propensities of diesel and heating fuels.

It has been suggested that a number of isolated problems encountered
in the past with distillate fuels and attributed to 3cr fuel quality, may have
actually resulted from microbiological contamination'I). While the potential
dangers associated with jet fuel problems are much greater than with other
distillate fuels, problems encountered in the latter case can be extrewewy
costly to military and cormercial consumers.

The presence of "sludge", "slime", "gum" and *eurfactants" in jet fuel
bulk storage tanks and in the wing tanks of aircraft contaminated with micro-
organisms is well documented. While the ability of microorganisms to utilize
hydrocarbons and to grow in fuel systems in close association with water has
been recognized for some time, their role in the formation of "sludge*, "slime",
etc. has not been elucidated. Ths origin , properties, and chemical nature of
these materials, and their reiationghip to microbial activity, also have not been
adequately explained.

A project was initiated at Sinclair Research, Inc., under Natick
Contract DA-19-129-AWC-88(N), to investigate the mechanisms of microbial attack
or, fuel and to determine the chemical nature of products formed. Specifically,
the objectives as outlined in the original agreement are as follows:

(1) A.T. Knecht, Jr. and F.M. Watkins, 1963, "The Influence af Microorgutisms
on the-Analysis of Petroleum Products', Development in Industrial
Microbiology, Vol. 4, P. 17-23, AIBS Publication.



1. To establish the ability of various cultures to attack
hydrocarbon fuels and to form gwom slimes, sludge and
surface active agents.

2. To establish which components of the fuel are attacked
in the process of gum, slime, slidge and aurfactant
formation.

3. To study at least one fuel which is not readily attacked
by the cultures and determine the factor(s) for resistance.

4. To determine the chemical nature of the gums, slimes. sludge
and surfactants produced by the test organisms. These
materials will be compared with similar materials produced
by the normal chemical degradation processes which occur
in hydrocarbon fuels.

5. To determine how microorganisms utilize hydrocarbon fuel
formulations to produce gums, slimes, sludge and sur-
factants.

6. To determine tLe probable metabolic pathways involved in
the fomation of these materials by microorganisms.

(
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II. BSyry and Conclusions II
1. The ability of RP-l rocket fuel and CITZ (Compressic-. Ignition Turbine

Engine) fuel to support microbial growth was demons .'ated in laboratory
tests. RP-I fuel was included in the study because of reports that
indicated it was resistant to microbial attack. Both fuels still mat
Military specifications for quality after exposure to microbial activity
for 8 and 16 weeks respectively.

2. A blend of additive free CITE fuel was prepared for use in laboratory
studies on microbial sludge production. Detailed bydrocarbon type analyses
of the fuel were made in addition to the chemical and physical test data
outlined in Military specifications for quality.

3. DfMre'r.cs were .nevted in the extent and type of corrosion which ocarred
in laboratory tests, depending on whether the system warn inoculated or
azarile. In metal containers with active water bottom the corrosion
evended an inch or more above the water smrface, up the sides of the can.
Corrosion was confined to the water covered areas in sterile units. In
glass containers, corrosion products from steel wool had a tendency to
agglomerate in the active units, and to remain dispersed in the sterile
controls.

4. Approved CITE fuel additives, incluling corrosion inhibitors, anti-oxidants,
and a metal deactivator, were evaluated for their effect on microbial growth.
DuPont AFA-1 corrosion inhibitor which contains both nitrogen and phosphorus
markedly increased microbial growth in 10% sea water solutions exposed to
the fuel. Two other corrosion inhibitors, Unicor M (contairnerogen) and
Santolene C (contain phosphorus) also promoted the growth of microorganisms,
but to a lesser extent than the DuPont additive. A substantial increase in
microbial growth was also noted when nitrogen and phosphorus salts were
added to the sea water solution. These studies indicate that some nitrogen
and phosphorus containing additives my promote growth in the field and
contribute to fuel handling problems.

5. Filterability, stability (existing amd potential gus) and water content of
CITE fuel exposed to heavy a.icabial growth were found to be within normal
limits. Huwever, fuel containing the corrosion inhibitors, Lubrisol 541
and Tolad 2l4, after exposure to both active and sterile water bottom,
exhibited poor filterability characteristics.

6. Zght cultures which pw well on CITE fuel were characterised as to the
type hydrocarbon fuel component which they utilised. The majority of the
cultures utilized paraffinic ccaponents c the fuel. This is not unexpected
since paraffine oo-' i-uted approximtely 50% of the hydrocarbon types
present in the teim fvwo

I,
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7. Methods were outlined for the fractionation of microbial sludge. Analyses
were made primarily on the Infrared 8peotrophotmeter. IR techniques lend
themselves well to this type of investigation. Also, infrared analysis is
used throughout the Petroleum Industry and Government for the characterisa-
tion of materials from petroleum products. Observations on the various
fractions ae sasarised belcwt

Fraction A - Material insoluble in fuel, water and tri-golvent (bensene-
acetone-methyl alcohol mixture). Analyses indicated that this fraction was
primarily microbial cells and components thereof. This was established by
comparing pure and mixed cultures of bacteria and fungi grown on pure iydro-
carbons and on CITE fuel. Comparison of material from the laboratory with
microbial sludge from the field indicated that they were basically the sue.
However, microbial sludge from the laboratory and field differed greatly
from a sample of fuel chemical oxidation products.

Fraction B - Material insoluble in fuel and water but soluble in trn-solvent.
This fraction was expected to contain normal chemical oxidation producte of
fuel; however, none were detected because of the excellent etablity of the
test fuel. Materials extracted by the tri-solvent were primarily cellular
lipids. Trace quantities of proteins and carbosydrates, including amino-
sugers were also found. Free organic acids were detected in several samples
from cultures gram on CITE fuel,

Fraction C - Aqueous phase after distillation. Extracellular proteins and
carbohydrates were present in low concentrations in the aqueous zridia. Small
quantities of these materials would, however, support the growth of "ucavengerf
organisms. A variety of other complex organic structures were detected in
several swaples. For the most part, these compounds appeared to be microbial
pigments. Bensoic and p-toluic acids were extracted from one fermenter run
employing a culture which oxidized naphthalenes.

Fraction D - Water soluble materials extracted from the sludge were identified
as cellular components. These materials were probably released from the
cells due to lysis caused by the distilled water washes.

Fraction E - Hexane soluble materials extracted from the sludge were found to
be rly cellular lipids and residual hydrocarbon fuel components. Free
organic acids were observed in extracts of material from fermentor runs with
CITE fuel. Ehulsions which formed in the fermentor were stabilized by cells,
probably because of their lipid content. The free organic acids detected
could have contributed to this problem.

8. Metabolic studies with two pure cultures indicated that reoognized pathways
for the oxidation of n-peraffins and naphthalene were followed. Warburg
e÷'-.. with octane and naphthalene grown cells indicated th# ictanoic and
siliaylic acids were intermediate in the oxidation of the respe ive hydre-
carbonx. Hexanoic and heptanoic acids were also utilized by the octane cells
as were the corresponding hydrocarbons.

9. Pentene-l and hexens-I inhibited the oxidation of both n-octane and naphthalene,
including the endogenous activity of the paraffin oxidizer. However, the
inhibitors had no effect on the endogenous activity of the naphthalene cxidiezs

|4
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III. Results and Discussion

AA. RP-I Fuel Storage Teats
A sample of RP-l Rocket Fuel (Natick Voucher No. 3050-63) was supplied

by the Natick Laboratories for use in this program. Reportedly, the fuel was

resistant to microbial attack. A series of tests were set up to establish this
point.

Storage tests were set up with the RP-I fuel over diluted natural sea
water bottoms (ratio of fuel to water, 20:1). The bottoms were inoculated with
a composite of contaminated tank bottom samples obtained from a number of fuel
oil storage tankb just prior to cleaning. Appendix A describes the procedures
employed in setting up the tests and describes the various components used. The
variables included in the tests were the presence of iron and the addition of
inorganic nitrogen and phosphorus salts to the bottoms. Ferrous etal was
included to more closely simulate field storage conditions and to check the
effect of iron oxides on microbial growth and fuel quality. Nitrogen and phos-
phorus salts were added to supplement the sea water which contained only trace
quantities of these elements - 0.6 and 0.03 ppm respectively. The RP-1 fuel
contained 1.5 ppm nitrogen and 0.4 ppm phosphorus, probably in the form of
additives. Most routine culture media contain considerably more nitrogen and
phosphorus than the quantities present in this test system.

1. Microbiological Observations

Composite fuel oil water bottoms used tc inoculate the test systems
contained fungi, yeast, and bacteria, including sulfate-reducers, and appeared
to be representative of most natural tank bottom flora. The microbial flora
appeared particularly desirable, having been exposed to fuel oil which contains
substantial quantities of the same types of paraffins and encompasses the sam
distillation range as the RP-l fuel. Also, these two fuels have at least one
additive in common.

All units were sampled at bi-weekly intervals over a period of eight
weeks. An estimate was made of the number of viable microorganisms present in
the water bottoms of series I, II, III mad IV (Active units). All sterile
control units (V, VI, VII, VIII, II and X) were checked for contamination in
nutrient broth medium. The methods and media employed are presented in
Appendices A, B and C.

The results of these analyses are prebented in Table I. Maxim=
numbers were observed in all active units at the cud of four weeks. As would
be expected, the t'o series containing added nitrogen and phosphorus had the

-5-
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highest counts. The source of these elements in the field is apparently of
considerable importance in contamination problems. Unfortunately, this point
has received little attention.

Photographs (Plates 1, 2 and 3) made initially and after eight weeks
btorage, clearly demonstrate the build-up of runt in the units containing steel
wool. The excessive quantities of ruzt apparently caused the pH of the water
bottoms to drop in series I, I1, V and VI. Obviously, microorganisms 6id not
cause the acidic conditions since they also developed in the sterile systems.
Yeast forms appeared to be encouraged by the acid environment in series I and II.

A predominance of bacteria was noted in series III which contained only
sea water. Perhaps the consistently high pH of the water bottoms favored their
growth. Fungus growth at the interface of series I, II and IV is clearly visible
in Plates 2 and 3. The tan fungus observed in most of the test series was
tentatively identified as a member o! the Genus Cladosporium.

Table II compares the results of microbiological analyses obtained on
series II units with the results obtained on a duplicate of this series set up
with commercial jet fuel (kerosine). Under the conditions of this storage test
it appears that the RP-l fuel supports microbial growth at essentially the same
rate as kerosine. Furthermore, on receipt the sample of RP-l fuel was found to
contain viable microorganisms. The organisms found are discussed in Section 4.
below.

2. Fuel Quality

Complete fuel quality tests were conducted on composite fuel samples
frcm the three units in each series. The results of these analyses are re-
ported in Table III. Only slight variations were observed, all of which could
be explained on the basis of experimental variation. It can therefore be
concluded that the quality of the RP-l fuel as measured by these tests was
riamltered by the activities of microorganisms or the presence of other materials

In the water bottoms.

When the contents of units from series I, II. III and IV were mixed
thoroughly and allowed to stand for a short period of time, the two phases
separated rapidly. If surfactante were poduced by the microorganisms, their
effect was masked by the high salt content of the water bottoms. The clarity
of the fuel is damonstrated in the photographs (Plates 2 and 3) by the
sharpness of the label attached to the reverse side of the bottle.
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3. Hydrocarbon Type AnaL. n-es of RP-i Fuela

Composite fuel samples from series II (active inoculus, steel wool,
and added nitrogen and phosphoarls) and series VI (sterile control for series 1)
were analyzed on the High Temperature Maas Spectrometer, Ultraviolet Spectre-
photometer, and Gas Chromatograph. These techniques are routinely used to
analyze hydrocarbon fuels. In most cases the distribution of hydrocarbon
components in treated and untreated fuels may vary only slightly, therefore
requiring extremely sensitive analytical techniques.

The results of studies on RP-I fuel are reported in Tables IV and V.
Analyses by the three analytical techniques failed to demonstrate any significant
differences in the hydrocarbon components of the initial fuel sample and the two
test samples. It is not too surprising, however, that differences were not
observed in these samples, since relatively large volumes of fuel were employed
in the storage tests. The amount of hydrocarbon required to support growth of
the microorganisms present was probably very small and not limited to any one
particula type.

4. RP-. Fuel Contaminants

The sample of RP-I rocket fuel provided by the Natick Laboratories was
found to contain bacteria and fungi. They were observed in droplets of water
on the container bottom after the fuel had been removed. Two cultures were
isolated, a fungus and bacteria. The bacterial isolate grew readily on the RP-I
fuel, while the fungus grew very poorly.

An attempt was made to determine which components of the fuel the
organisms utilized. Two test series were set up in triplicate with 40 ml of
mineral salts solution and 50 al of sterile RP-l fuel. One seriqs, nutber II,
was inoculated while the other, series XII, served as a sterile control. After
seven days incubation on a New Brunswick gyrotary shaker at room temperature,
the fuel from each series was combined and analyzed. The results are recorded
in Tables IV and V.

Mass Spectrometer and Ultraviolet Spectrophotometer analyses fatled
to demonstrate any differences between the two samples of fuel. Gas Chromatog-
raphy, on the other hand, revealed slight variations in the distribution of
paraffins in the lower molecular weight range (up to C1 2 ). Unfortunately, these
samples were not run in duplicate and these slight differences may be within the
experimental error of the procedure.

It was quite apparent from these studies with RP-l fuel that direct
analysis of exposed fuel would not provide useful information on the hydrocarbon
types utilized by microorganisms. An indirect approach employing pure hydro-
carbon was chosen. The procedure used and results obtained are presented in
Section C-4 of this report.

-13-



0'-40

w4I F- eq~~j
42I

E- 0 -4 - I

41, CP q I % 0 -4 _Ie--4

V4~ +3UN CYI

93-4

r IH

U-i C% c -4 r

-0

'.44

450

P H
0U 0

tic r4
4 

C.

93 4. n 1 4)
0r.m IS4 *

.~ 0 0 0 H 9 V X LI
0 0 0 LI



TABLE V

CR" RMBER DI;TRIEUYTIN OF COMM TTMW
IN SATURATE 1RACTION8, OF RP-1 rmL BY aAs CHROMATOGHAPHYT

(Volume Percent),

Fuel
Carbon Volume Percent in 8 ezple Ccmpouiteu
Number Paraffin . Initial II V ILI III

C9  Iso- & Cyclo- 0.3 0.6 0.6 0.1 0.4
9 Normal 0.4 0.4 0.5 0.3 0.4

C ISo- & Cyclo- 1.2 1.5 1.5 1.1 1.6

Normal 1.9 1.9 1.8 1.8 1.8

C ISO- & Cyclo- 4.2 4.4 4.0 4.1 4.o
Normal 5.1 4.8 4.8 4.8 4.8

C1 2  Iso- & Cyclo- 10.3 10.0 10.3 10.3 10.3
Normal 12.0 10.9 1i.0 12.4 11 .

C 3  Iso- & Cyclo- 14.8 314.6 14.6 15.1 14.6
Normal 9.8 9.2 9.0 8.9 9.0

C14 ISo- & Cyclo- 16.9 16.3 16.4 16.9 16.4

Normal 6.8 7.4 6.7 7.1 6.7
C 5 ISO- & Cyelo- 9.7 9.4 9.8 9.4 9.815 Normal 3.1 3.0 3.2 3.2 3.2

C 16 Iso- & Cyclo- 3.1 4.7 5.0 3.9 5.0Normal 0.4 0.8 0.8 0.5 0.8

(1) All samples were acid treated according to K3TM Method D-1019-62
to remove aromatic and olefin components.

(2) Analyses were made on an %&M Model 500 Temperature Progranued
Chromatograph employing a 20' boiling point columi containing
Sinclair 9150 Bright Stock oil on Chromosorb. The temperature
was programmed at a rate of 7.9 0 C/nin. from 125 to 2050 C.
Helium was used as a carrier at a flow rate of 25cc/25 sec.

-15-
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B. Preliinar-y Studies on Fuel Decomposition Products

In an effort to charaqterise the products of microbial attack on fuels,
for future referenoe som of the phyical properties of sludge and water from
storage studies conducted with heating fuels were examined. The water bottom
contai, ed fungi, yeast and bacteria, including sulfate-reducers, and closeo3
resembled bottoms observed in highly contaminated storage tanks. A sample of
these bottom was separated into three fractiona - fuel, interface sludge and
water. The fuel and water fractions were clarified by centrifugations at
25,000 rpm in a Sharples Super Centrifuge. Sediment removed from each fraction
had the saw appearance as the interfacial sludge. The centrifuged fuel was
clear and bright but the water fraction remained slightly hasy and had an orange
cast. Solids from the fuel, water and interface were black in color with clomps
of gray floccv4ont material. Microscopic examination of the interface revealed
fungus filamentp and bacteria and yeast cells in an oil-water emulsion. The
emulsion imported a slim consistency to the material. The black color was
apparently due to iron oxides, sulfides, and aall quantities of fuel oil sludge.

The surfactant properties of the sludge were quite apparent as theUf-
interfacial material suspended readily in the fuel and water phases after slightL
shaking. On vigorous shaking a rather stable ewulsion was produced. This pre-
sented the problem of having a material which can be defined as both sludge and
surfactant. It appears that in most systems of this type there are a number of
materials which may act as surfactants, including microbial cells, rust, dirt,
etc. Also, within a particular sample, several emulsion systems sa be present
with the continuous phases alternating from water to oil to water. This =7
explain why some of the interfacial material enters the fuel phase while so=
suspends readily in the water phase. Microscopic examination of the interface
employing fuel olu'ble and water soluble dyes confirmed the existence of these
alternating emulsion systems within the sludge.

Considering the complexity of these materials, it is not surprising
that previously accepted definitions of sludge, slims, gm and surfactant are
no longer adequate. On the basis of these studies, it was decided that the term

"sludgeq would be used to describe the interface and all suspended materials or
sediment from the fuel and water phases. Solvent extraction procedurfs will be [J
employed to distinguish between microbiological sludge and normal fuel decomposi-
tion products. The tendency of these materials to form emulsions will be noted
but the term Osurfactant* will be applied only to specific substances or sludge
components having surface active properties. The use of the term aslime' will
be avoided in the present studies except to describe the consistency of a
material. Standard ASTM procedures will be used to establish the presence of
existing and potentiql gum in fuel, thus limiting the use of this term to a
specific test.1 ,I
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V-. Com•ression Ignition Turbine Engine F'uel Storage Test.

Compression 14gition Turbine Engine (CITE) fuel was used in all tests
throughout the remainder of this program at the request of the Natick Project
Officer, Dr. A. M. Kaplan. CITE fuel is being developed by the Army and is
intended as a replacement for the several grades of diesel fuels and t~wbi~e
fuels in the supply sVstem. It iA generally a straight-run product having a
gravity range from 35' to 55API and a distillation range of 130 to 575'F.
A number of anti-oxidants, corrosion inhibitors and metal deactivators are
approved for use in this fuel.

The first series of tests covered in this report were set up with CITE

fuel supplied by the Natick Laboratories. All subsequent tests were set up with
blends of fuel prepared by Sinclair specifically for this program.

1. Tests on CITE Fuel Supplied by the Natick Laboratories

CITE fuel was stored over sea water and tap water inoculated with a
composite of contaminated tank bottom samples from fuel storage tanks. The tests
were set up in one-pint bottles (400 al of fuel and 20 m1 of water) and in one-
gallon steel cqntainers (1 gal of fuel and 100 al of water). All units were
stored at ambient temperature (75-80'?.) for 16 weeks. Nitrogen and phosphorus
were added to half the units in the form of salts dissolved in distilled water.
Appendix D describes in detail the components and procedures used in preparing
the test units.

The composite storage tank bottoms used to inoculate the teots was

similar to the preparation used in the RP-l fuel study covered in Section A of

this report. It was composed of a mixture of bottom samples from fuel oil and
1cerosine storage tanks. There is a possibility that one or two of the additives
used in these twq fuels are present in the CITE fuel. Also. the two fuels contain
hydrocarbons of the same type that would be expected in the CITE fuel. Thus the
microorgenism. in the composite bottom may have been accliumted to some extent
to various components of the test fuel. Bacteria, yeast and fungi were present
in the composite preparation, including sulfate-reducers.

Fuel stability problems were encountered while setting up the tests.
possibly due to a contaminant present in the container in which the fuel was
shipped. Fuel of this type can normally be steam sterilized at 15 pei (121M.)
for 20-30 minutes without altering quality. Several days after the fuel was
sterilized, a dark brown precipitate was observed in the sample. The material
was removed by filtration and was found to be soluble in 1:1 ethanol:benseze
mixture. Infrared and Maob Spectrometer analyses gaye spectra typical of norml

. fuel oil sludgoe

I,'
1* -17-
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Sludge formation was observed at room temperature in metal and glass
containers, with and without water, and appeared to be accelerated by heating*
A ample of the fuel sterilised by filtration also developed the sedime . In I
addition, the filter plugged after approximately 1000 al of fuel had been filtere4.
The accumulation of sludge at the fuel-'vater interface d steam and filter steril-
ired fuel is shown in Plate 4.

Storage tests with the CITS fuel were continued and an effort was made
to detect any effect the fuel oil sludge may have on the growth of microbial.

contaminants. Organic nitrogen compounds in the sludge could psovido essential.-
nutrients for the microorganisms in the water bottom.

Ii

a. Microbiological Observations

Samples of the water bottoms from each unit were tested bi-weekly for
eight weeks and thereafter at foir-veek intervals over a total period of 16 weeks.
The nunber of viable microorgeniam" present was estimated on all water samples
from inoculated units (I, 1I, II and IV) and the sterile control units (V, VI,
VII and VIII) were checked for contaminants. Appendices B and C present the media
and procedures used in the microbiological analyses.

Microbiological data on Group A (Glass urttm) are presented in Table VI.
Very little difference was observed in the numbers of organisms present in the
various test systems at any one time interval. All units appeared to reach a
maximum viable count between 10 and 50 million microorganisms per Al of water
bottoms. Several interesting observations were made on this test group. Bacteria
persisted in essentially all units throughout the test period. Also, the pH of
all units remained relatively constant. These results are somewhat divergent from
those obtained with the RP-l fuej. in which fungi were found consistentlvy in essen-
tially all units and a drop in pH was recorded.

A contributing factor to the persistence of bacteria in the CITE fuel
series may have been the relative concentrations of bacteria and fungi in the
inoculum used in the two fuel studies. Nitrogen present in the sludge that
accumulated in all units and the slightly alkaline pH may hate encouraged con-
tinued bacterial growth.

Results of microbiological analyses of Group B (Steel units) are pre-
sented in Table VII. $we difficulty was enconitered in obtaining representative
samples from these units because of the heavy accumulations of corrosion products.
This influenced the microbial counts, causing some variation. However, the
results do suggest that the added nitrogen and phosphorus salts stimulated
microbial growth in series II and IT. During the last eight weeks of storage,
a gradual decline was noted in the number of viable bacteria present. This was
followed by the development of yeast and fungi In the inoculated series (I, II,
III and IV). The yeast and fungi were probably encouraged by drop in pH to

S'
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r below 5.5 in all inoculated units. Similar drops in pH were noted in the sterile
units without nitrogen, suggesting that chemical reactions were responsible. A
sharp rise in pH was noted in sterile cornrol series VIII which contained tap
water with added nitrogen and phosphorus.

Despite tho difference in environment, there was no evidence of one
particular type of bacteria predominating in aro of the units. In essentially
every case, four or more different types of bacteria were present.

Photographs were made of representative units from each series in
Group A (Glass units) and profile samples (Appendix A) from Group B (Steel units)
to record changes in appearance (Plates 5-9). The rpiid accumulation of sludge

in all units was quite apparent at the end of four weeks. Sludge formation
appeared to be greater in the units containing sea water (Plate 7). In general,
the inoculated units containing nitrogen and phosphorus salts were the most
turbid (Plates 7 and 8). Bottom depositb end flakes at the interface in the
tubes containing profile samples from the units 'ij Group B are for the most part
rust (Plate 9). However, some sludge wap observed, as well as turbidity, apparent-
ly due to microbial growth. This was particularly discernible in units which
contained added nitrogen and phosphorus.

b. Fuel Quality

Fuel quality tests outlined in Military Specification MIL-F-45121A,

dated 20 May 1960, and conducted according io the specified ASTM test method,
were run on fuel from all units in each group. Composite fuel samples were
vrepared from the three units in each series. Results of testo in samples from
Groups A and B are recorded in Tables VIII and IX. Only slight variations were
observed within the two groups, all of which can be explained or, t he basis of
experimental variation. Consistent differences were noted, however, in the
initial boiling points (IBP) of samples between the two groups. Samples in
Group A (Glass bottles) had consistently lower lEP than samples from Group B

(Steel containers). While the IBP is one of the most difficult point.- to
establish, this difference does appear to be real, &nd is probabuly due to the
sterilization process. The larger volume of fuel in the Group B units (one gallon)
required considerably more time to cool than the pint samples in Group A, thus
the lower boiling components were more readily lost. This also explains the
low IBP of the base fuel sample which was not subjected to sterilization.

-n addition to evaluating the quality of the fuel, the water bottomsin each group were checked for emulsifyin tendencies. This was accomplished

with the units in Group A by vigorously shaking the bottles and allowing them
to stand for a short period of time. The speed at which the two phases sepa-
rated was noted. Only the inoculated units which contained t'p water had a
tendency to emulsify. The units in Group A were tested only at the end of the
16 weeks storage period to avoid introducing mixing as a variable in the study.
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All profile smple a (Appendix D) collected from the units in Oroup B
were checked for emulsifying tendencies. However, only the units in saries IT,
tap water with nitrogen and phosphorus, showed amy sign of emlsificatione. This
was first observed in the 4-week amples.

c. Analyai, of Sludge

Considerable quantities of sludge arcumulated at the interface of both
active and sterile units in Group A (Olass units). This material was apparently
insoluble in both the water and fuel phases of the s1 'tem and its formation
appeared to be influenced by stezm sterilization, as pointed out earlier (Plate 4).
The amount of sludge present in each unit vwa determined gravintrically at te
end of the 16-weeks test period by the methods described in Appendix Be

Three fractions were obtained and their weight determlind:

A) Insoluble Material - Insoluble in fuel, water and
bensene-acetons-methyl alcohol solvent mixture. This
fraction will be referred to later as microbial sladge.

B) Fuel Sludge - Material insoluble in fuel and water but
soluble in benzene-acetone-metbyl alcohol solvent mixture.

C) Non-volatile, water soluble materials and fine particles
which may have passed through the filter pads.

The results of these determinations are recorded in Table X. The
quantities of sludge formed in the presence of sea water and tap water were greater
than the quantity formed in series 11 which containmd only fuel. There is some
indication that sea water bottoms may enhance formation of this insoluble material
more than tap water.

In the active test series without added nitrogen and phosphorus (I and
III), substantially less insoluble sludge (fracticn A) was found than in the
sterile control units (V and VII). This suggests that the bacteria utilized or
in some manner altered the material. In active units II and IV which contained
added nitrogen and phosphorus this trend is not a" distinct compared to the
controls, units VI and VIII. Nitrogen and phosphorus would appear to be important
factors in this phenomenon.

It is difficult to explain this observation without further analytical
work. However, several possible explanations L tL offered. if the solubility
of this insolvble material was altered by biological action it way have re-dissolved
in the fuel phase or in the water phase as a volatile coaponent. Another possi-
bility is that the organic components of this material yore utilized by the
bacteria and then lost by evolution of (O2.

3LI ___________ ______________________________0 -___________________________
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TInfrared spectra of fractions A and B from series V are presented in
Figures 1 and 2. Similar patterns were obtained on samples from active series.
These spectra indicate that fraction A may contain an inorganic sulfate or
phosphate while fraction B appears to be typical fuel oil sludge. The spectrua

- of fraction B indicates the presence of - odrw and carbonyl structures charac-
|_ teristic of such sludges.

fAn observation of interest was the fact that the water bottoms from

the inoculated units filtered very slowly compared to the sterile controls.
This is of particultr- significance since, in some cases, they contained less

- sludge than the sterile units. Microscopic examination of sludge from the
inoculated series revealed the presence of bacterial cells and debris.

It is quite apparent that the CITE fuel used in these tests was
atypical and was probably contaminated. While the observations on sludge
formation are most ixAteresting. they do not appear to be typical materials that
would be expected from good CT"T fuel. Therefore, we discontinued our analysis[ of the a.. lgem formed in teo- ý.th this particular fuel.

d. Observations on Corrosion

During the course of this investigation we havo considered a number of
factors which might contribute to problems in the fieldi, One of thm factors
considered was the presence of iron. Although we have not been able to clearly
establish the role of iron in fuel problems associated with microorganisms, we

have observed some interesting effects of microorganisms on corrosion. While
exzamning the contents of several one-gallon steel containers used in CITE fael
storage tests, we noted differences in the extent of corrosion above the fuel:water
interface. Plate 10 shows sections of two of these containers. Corrosion in
containers with active water bottoms (both sea water and tap water) extended an

inch or more up the sides of the can. In the sterile controls, corrosion was
limited to surfaces in contact with water. The water depth in these containers
did not exceed lA.

Differences in corrosion were also noted in the additive evaluation
study. Corrosion products from the steel wool in Series C and D (Active and
Sterile) appeared different (see Section 2). In the active units, the corrosion
products had a tendency to agglmrate, while in the sterile units they remained
dispersed.
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e. Observations on Contaminated CITE Fuel Samples from Natick

The CITE fuel employed in the initial atorage tests was supplied by
Natick. The unusual amount of sludge which formed in the test systems suggested
that the fuel may have been inadvertently contaminated. Samples of two fuel
shipments received at Natick were forwarded to us for analysis and comparison
with the apparently contaminated shipment. One-pint samples of the fuel were
steam sterilized at 15 psi for 20 minutes, allowed to cool, and then stored for
six weeks in the dark at 30*C.

Distillation data and other observations on the fuel samples are pre-
sented in Table XI. Fuel shipped under Voucher No. A 23080-3087-33W4 appeared
to be relatively stable and contained no free Vater. The distillation results
indicat-d that the fuel employed in our initial storage test was from this
shipmer.t. Sludge formation was much greater in fuel from the other shipment
(Voucher No. A 23080-3046-9005010-29870). It also had a noticeably darker color.
Five of the seven samples from drums shipped under the second voucher number
contained water bottoms. Analyses of these bottoms indicated that microorganisms
were present.

f. Experimental CITE Fuel Blends

Two blends of CITE fuel were prepared to meet Military Specification
MIL-F-46OO5A(MR), dated 15 May 1963. One blend was prepared with straight run
components to produce a highly stable fuel. The other blend was prepared with
straight run and catalytic cracked components to produce a potentially unstable
fuel. We were of the opinion that these fuels represented the extremes which
could be supplied under the above specification. Because of the expected
instability of the latter fuel blend without the necessary stabilizing additives,
only enough fuel was prepared to meet the requirements of our tests. A relatively
large volume of theistable fuel was prepared to avoid variations in composition
which may occur between batches.

Blend 1 is part of a batch of additive-free CITE fuel supplied to
Dr. A. M. Kaplan under Order No. 19129-F4-1544(N). This fuel was used in all
subsequent work presented in this report. Routine fuel specification data are
shown in Table XII. In addition, detailed kV~drocarbon type analyses were made
on the fuel blend.

Low (room) temperature mass spectrometer analysis was made on the fuel
* fraction boiling below 400F. (Table XIII). This type of analysis provided a
S•breakdown of the major hydrocarbon types present, including paraffins, cyclo-

paraffins (mono-, di and tri-), alkylbenzenes, indans and/or tetralins, and
naphthalenes. A further breakdown of the alkylbenzenes and paraffins was also
obtained. The carbon number distribution of the paraffins must be considered
semi-quantitative, since the isoparaffins also contribute to the peaks obtained.

-37-L
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TABLE 1I

Analyses of C37E Fuel Samples from Natick

Voucher No. A.23080-3087-33441 L
-- ~Fuel Used &

Drum Number in Initial
1 2 3 4 Store Tests

IBP(1) 120 117 116 i16 115
50% 341 340 342 340 340

.507 509 508 508 507
Color (2) C&B(3) C&B C&B C&B CH,
Sludge Formation Trace + Trace + +
H2 0 Bottoms ".
Microbial Contamination .. ..

iI
Voucher No. A23080-3046-9005010-29870

Drum Number
5 6 7 8 9 10 12

IBP 107 138 144 139 137 149 144
50% 362 360 361 356 356 358 362

EP 498 492 498 498 498 494 496
Color C&B C&B C&B C&B C&B C&B C&B -
Sludge Fbrmaticn 4+ ++ ++ +4 ++ ++ +÷

H O Bottoms + - + + + - Trace
M&c-obial Contamination . - + + + - +
pH of Water Bottomrs 6.5 - 7.3 8.1 7.9 - -

(1) ASTM Test Mlethod 1)-86.

(2) After stream sterilization in soft glass followed by several
days storage. Sludge formation greater in 29870 shipment than .
in 33441.

(3) C&B indicate Clear and Bright Li
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TABLE III

Chemical and Pkqsical Test Data

On Additive Free C Oresslon Iwnition hgine Fuel Bled 1

AWN

Characteristic Besults Test Method

Distillation D86

Initial 134

5 0.82
10 200

20 229

30 256

40 28h
50 319
60 360

70 399

80 426

90 1454

95 478!End Point 494

Residue (Vol. %) 1.
Distillation Loss (Vol. %) 0.5

0 API Gravity at 600 F. 51.9

Existent Gum, mg/100 ml 0.2 D381

Total Potential Residue, 16 hr. Aging,
mg/i00 Ml. 0.4 D873

Sulfur, total - per cent by weight .0A3 D1266

Reid Vapor Pressure, psi 2.4 D323

Freezing Point, OF. -70 D1477

Cetane Number 41.7 D613

Viscosit , kinematic
at 100 F., centistokes 0.9045 D•45
at minus 300F., centistokes 3.132 D445

Aromatics, Vol. % 8.0 D1319

Olefins, Vol. % 0.0 D1319

Copper Strip Corrosion Classification Bomb,
2 hours, 212'F. lA D130

Thermal Stability (i)

Change in pressure drop in 5 hra.,
inches mercury 0.2

Preheater deposit rating 0

Water Reaction 1 FTW251

(1) Conducted in a CFR fuel coker using a preheater tamperature of 30C0F.,

a filter temperature of 4OO0 F., and a fuel flow rate of 6 pounds per

hour over the 5 hour test period.



TA&LE XIII

Hydrocarbon Type Analysis of ca Nael Blend 1

Fraction: IBP-4l0F0. (70% of Total Sample)

Low Temperature Mass Spectroseter(1)

Volume %

Paraffina 46.3
lMono-cycloparaffins 41 •.7
Dicyclqparaf fins 3.4
Tricycloparaffins 0.3
Alkyl-bensenes 8.0

Indans and/or Tetralins 0.2
Naphthalenes 0.1

100.0

Paraffins(2) L.
C6  7.4
C 1.

Avg. Carbon # 7.83 11.2
Avg. Mol Wt. 110.6 C9 8.8

Co 4.3
Cl0  2.9
C1 2

46.3

Alk-il-benzenes( 3)

Benzene 0.41
Avg. Carbon # 8.15 Toluene 1.3
Avg. Mol. Wt. 108.1 Molecular Weight 106 2.6

" 120 2.1

"It " 134k 1.1
" " 148 0.5

" 162

8.0

(1) ASTM method for hydrocarbon types in lou olefinic gasoline by Mass

Spectrometry. (Published for information only by ASTM Committee D-2).

(2) These data were derived in conjunction with the above method, but

the procedure employed is not actually a part of the method. The

procedure employs data used to calculate the average number of

carbon atons in the paraffin frac Aion of the sample. These data

are semiquantitative in that the iso-paraffins may contribute to)

the peaks obtained.

(3) Sinclair method and calibration data.
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The hOOOF. plus fraction was analyed with the high teerature Ss
spectrometer (Table XIV). Two analyses were med. one on the total SMPUle md
the other on an aromatic and olefin free peperation. This enabled us to obtain
a better separation of the various bydrocarbon types present, The distribution

of n-par&fi-ins repcrted for this fraction is also *emI-quantitative.

Th', carbon number distribution cf tV- paraffins in the total sample

va.:i deter-i'med by means of gas chronatograpby (Table XV). The results awe

rn'rxote in volume per cent, assuming that the peaks obtained reflect ouly the

paraffin components of the fuel.

I.

i

-Li
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TABLE XT-

Fjdrocaxbon nTyo AS~nalss of CflEFueU.Aland 1V

Fraction: 4006Y. 'Plux (30% of total -amle

Higt M!W~rat-u. Mass Speatrantua

Method I (Aromatics + Olefins Removed) Method II (Afrwtio OMefins Remowed)

,alwo % npairffini.L
Paraffins W7- U 0.2
Aromatics 0.5 01U 0o5
Meno-cyleparaffins 26.65 C1 2  18.1
Dicyolopa•.,f ins 12.59 C13 22.1
Tricycloparaffins 1.99 C14 35.6

10,0C512.1 1
C16 6,4
C17 2.8
C18 2.2

Method III (Aromatics + Olefims Present)

Paraffine 47.5
Cycloparaffins 33.9
Alkyl Benzenes 7,9
Indanea, etc. 4.3 [j
Indenes, etc. O.
Naphthalenes 3.0
Bipehnyls 1.9 [1
Fluorenes 0.5 U
Tricyclic aromatics 0.6

100.0 1
MEMOD I Shell Method and Calibration Data

Preented to AM Comaittee E-lh at Meeting in Mew Orleans,
La., June 3-8, 1963.

Paper #3. Man@ Sectomtric Analysis of Middle Listillate
Saturate Hydrocarbons. A. Heed, P. R. Kmessin, and
B. K. Frittes.

SW le was acid teated according to AST( Method D1019-62 to
remove aromatic and elefin •omponents. ii

METHM II Sinclai, Method and Calibration Data
Arcmatio and elefin copenents removed as in Method I. Data are
semiquantitative in that iso-paraffins my contribute to the peaks.

METHOD III Itlantic Rfienin& Co!Sny Method for f~raticns eontaining I
aromatic oomponents.
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[ ~TABI 1V

Carbon hiber Distuibution of Paraffina
in CJTE FVel Blend 1 !Z Oas Chromatogre-ft* (Total !!!ELA)

Number Paafi Voung

C6  Iso- + Cycl-- 0.2
Norml 0.4

C7  Iso- + C70lo- 2.4
Normal 3.6

C6  Igo- + Cyclo- 6.7
Normal 2.8

C9 Igo- + Cyclo- 9.1
Normal 3.4

SClo Ig o- + Cyclo- 811

Normal 4.1

lC3. ISo- + Cycle- 6.6
Normal 4.3

C12 Io- + Cyclo- 6.2
Normal 5.5

Iso- + Cyclo- 8.2
Normal 14.8

SC!4 In*o- + Cyc1o- 7.2
Normal 3.4

,C15 Igo- + Crelo- 8.0

N (r- 1.6

C16 ISo- + Cyclo- 3.0
Normal o._ 4

100.0

* Analyses were made cc an F & K Model 500 Temperature Pogrsmed Cfrumato-
graph employing a 20' boiling point colum containing Sinclair 9150 Bright
Stock oil an Chrcmosorb. The teaperature was prop, e ate rate of 7.9*C/

* min. from 125 to 205"C. Helium was used as a carrier at a flow rate of
25 co/25 ae".

SBased on the assumtion that the total sample was composed of iso-, cycle-*
F an norml paraffins.

_ &_-
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2. CITE Fuel Additive Evaluation

Preliminary storage tests with RP-1 and CITE faIws indicated that
nitrogen and phosphorus were limiting factors in the development of microbial
sludge in fuel-water systems. A possible source of these elements in the field
would be fuel components, including additives. Therefore, storage tests were
set up employing the additive-free CITE fuel blend to evaluate the influence of
qualified corrosion inhibitors, anti-oxidants, and a metal deactivator on
microbial growth and sludge formation.

The tests were set up in one-pint glass sample bottles with 400 ml of
sterile fuel and 20 ml of 10% sea water, with and without iron (steel wool)
(Appendix F). The inoculum employed was a composite of contaminated tank bottom
waters from kerosine, gasoline, JP-.4, diesel and heating fuel storage tanks, and

contained bacteria, yeast and fungi, including sulfate-reducers. Pertinent data
on the six corrosion inhibitors tested, including nitrogen (N) and phosphorus (P) i
determinations, are presented in Table XVi. Table XVII contains similar data on
the five anti-oxidants and the metal deactivator tested.

a. Microbiological Observations

Estimates of the number of viable microorganisms present in the water
bottoms at various time itervals during the 16-week storage period are presented
in eables XVIII and XIX. Only three of the twelve additives tested significantly
affected microbial growth in the adjacent vater bottoms. Additive i, DuPont AFA-i
corrosion inhibitor, had the most pronounced effect. The number of microorganisms
present in the water bottoms reacaed 500 million per ml at the end of eight weeks
(Table XVIII). This atimulatory effect wat apparently due to nitrogen and phos-
phorus supplied by the DuPont additive (contained 2.41% K and 5.28% P).

Additives It mwd III, Unicor M (0.88% N and 0.001% P) and Santolene C
(0.002% N iuid 0.e v1% r) Ailso atimula ,.ed microbial grow-th. Thee fact that phosp~horl-le.

is limiting in the ca. vater bottoms (0.03 ppm F), apparently explVns the
slightly higher counts .cbtained with the Bantolene C than obtajraed with Unicor M.
The remaining corrosion inhibitors, antioxidants and the metal deactivator had

* very little noticeabie affect on microbial growth in the test system (TablAa XVIII
and XIX).

Only slight variations in pH were observed in the water bottoms of active

and sterile test units. Iron had a slight tendency to make the water bottoms more
acidic. However, only one series with iron had a pH below 6 at the end of the
first 8-week storage period.
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TABIZ V17

Qualified Corrosion Inhibitors
I (Qualified under Specification MIL-I-25017B)

Ana,.,is(1) Concentrations
Number Additive & Source W Nitrogg! A Phosphorus Teseld(2) t g 4

i AFA-1 2.43 5.28 46.1
E. I. duPont

Ii Unicor-M 0.88 <0.001 57.6
Universal Oil Products

III Santolene C <0.001 0.326 46.1
Monsanto Chemical Co.

IV TRI-182 <0.001 <C.001 57.6
Texaco, Inc.

I Lubrizol 541 <0.O00 <0.001 57.6
The Lubrizol Corp.

VI Tolad 244 1.00 <c.o01 57.6
Petrolie Corp.

(1) Some of the analyses were repeated employing more sensitive techniquas,
and thereofore the fiLgures are alightly differeqt from thowe reported in
Table I, Quarteriy Report No. 3.

(2) Maxim= concentration authorized under Specification ?L-I-25017B.

-45-



oIQ~

4-2

434

0 0 0 00

00

CH
U'1 = .01 ýC

7E 43 4

.0 4.2- E

ll-

U .~ UH 4) C? r-0~4 0

84e) -'VlSI bvk4)k Do

~4 P.H 4~0 rrS H. 4-H

~A0 0
1ý -41 H C

C: ;;:g ;1. C

*i5~ .4-4 0C .1 w-



t&I

01 M 0 00 00

co 8 -64 c; r-I 4,4~4

UNW in~ U\ 1^* --T n --

14 00 OHý 00 rHO l.
0 CD-

A 4s

00 HO 0HO* H HO H

0) 1514 )PH'

44 .9 C! C ! l'-. C C' ' C. '

c, C)

2,9 44-oo H., OH r-4- HH H

U ~ ~ ~ ~ % 0.4I~~-

. 0 0 00 0c 0 0 .

.4b-

4~- 4-~ 4. -~47-' - .~44t-'-



c -1 
4

)j' r- &~- - r- -- ca -l T c or

Z " '4.0 NO % 04O% II

43~3) ~~ (n)~ -= -2 ~ _:I\

00 00

IH rAH 'A Or-I Hr- -4 HOI OHi r

03 ' C- C C' - C.C- -

-. 0 0 00 04 00_P

H H4 H- H OH OH OH HO-i 0

U 'a a 'a a 'a a AD

r4 .; 4 c; g 9 4 c3 r 4

E-- V~a'.-

-HO 0 00 0- 0 00 000

4g 0 st 4 4 4 44

00~ 0H 00 0H 00 HO
H~ HA HHIr

- 4 %- 0

ji ~ 0

H II VH



|I

Earlier studies with CITE fuel indicated that the 10% sea water bcttom
usf i in the test system were deficient in both nitrogen end phosphcrus (0.06 piz N
and 0.003 ppm P). To further substantiate this observation and to provide a
control for the additive series, the following four control series were set up
with water soluble nitrogen and phosphorus salts:

Control Salts Added to 10%
Grour XIII Sea Water Bot.tosw. mgA ml

Series A-i No Iron W4N03 140
and NaH2PO4"H20 20

Series C-i iron K2HPO4 40

Series A-2 No Iron NH4NO3  40

Series A-3 No Iron NaH2POb.H20 20
K2HPO4 40

The results cf these tests are reported in Table X1. Heavy microbial
growth was noted in the water bottoms of all four test series. However, the
growth present in Series A-I was noticeably heavier than in the other series.
It should be pointed out that the estimated number of microorganismm :.iported in
Table XX for the series containing fungus growth is probably low. It was essen-
tially impossible to obtain a representative sample of water bottoms from these
units.

An observation of interest was the fact that fungi developed in Series
A-1, A-3 and C-1 but not in A-2, which contained only nitrogen. This may possibly
explain the predominance of bacteria in some field samples, and heavy fungus
growth in others.

The increased microbial growth and sludge formed in units containing
Additiers I. TT and MI. end those units with added nitroge"n are phos'ea
Group XITI Series A-1,2,3 and C-i, are clearly visible in flates 12, .2, i' and 25
(16 weeks). This is particularly true when they are compared with the inýtial
photograph (Plate 11) or with photographs of the appropriate sterile conti-ol units.
Heavy fang-s growth in the nitrogen and phosphorus series is quite obvious in
Plate 25. Photographs showing the appearance of the other test units after 16 weeks
are also included.
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y-late 12, CITE Fuel Additiv. Oroup Is Dupcmt AIlA-I Corrosion Inhibitor -16 Weeks

p5 ~ e-3 CITIC ysieI Additive rOmUP IL Unicor-M Corrosion~ Inhibitor -16 Weeks.
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Plate 15. CME Fuel Additive Group IVI, aTRI-182 C Corrosion Inhibitor -16 Weeks.
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Plate a6 CITE Fuel Additive Group V; I bri��2. 5!�i Corroe±on Inhibitor -' 16 Weeks. I

I

* I

I I
A

Plate 17. Cfl�E Fuel Additive Group lID Tolad ZUI Corrosion Inhibitor - 16 Weeks1
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Plt 0 IEFe dii*GopI, I-iell&etaybtý-Tso

Iplate 20. CITE Fuel Additive Group IX, 2*I6-Oius)1tertiary-butyl-.-.phe nto1~a

Antioidant- 16-5e6-



- P-A-t~e 22. CITE FuelI Additive Group II, Kixed Tertiwyr-but~yl-Jhenal Antloxidant-
2-6 WeeKs.

Plate 23. CITE Fuel AdditivE. Group flII N,N'-Di 1USylidyedl,2-p Paw-iai
Antioxidankt - 16 Weeks.
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I Plate 2E. CITE Fuel Additive Group XI11, Control Without Additivel - 16 Weeks..
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b. Fuel Quality

An effort was made to determine if fuel characteristics, such as
stability, filterability and water content, would be affected by micro'bial
growth in adjacent water bottoms. Earlier studies with CITE and RP-I fuels
indicated that they would still meet Military specificatimsne after exposure
to microbial growth. While the tests employed are apparently adequate forquality control, they may not be sensitive enough to detect slight changes
produced by mi croorganismn.

Stability characteristics of fuel exposed to microbial attack were
determined by ASrM test methods D-381 and D-873 (existent and potential gums).
The result of these tests on fuel from additive groups I, 1I, I and XIII,

I are presented in Table XXI. Only slight differences were observed, and there
was no apparent correlation with microbial activity or presence of water in
the test systems.

Filterability tests were run on CITE fuel from all groups in the
additive test, including the series with added nitrogen and phosphorus salts.
The test method employed was developeo by Continental Oil Company for the
evaluation of No. 2 fuel oils and diesel fuels (Conoco Method 207-58).
Results of these tests are presented in Table XXII. There was no apparent
effect on filterability due to microbial activity in the water bottoms.
i 'wever, two of the corrosion inhibitors, Lubrizol 541 and Tolad 244,

* adversely affected fuel filterability when stored over active or sterile
water bottoms. In both cases, a white sediment accumulated at the fuel water
interface. This material suspended quite readily in the fuel on gentle mixing.

8 Since all fuel samples were collected after mixing, this material may have been
responsible for the poor filterability characteristics of the fuel.

The water content of fuel from Groups I and XrII was determined by
the Karl Fischer method. Results of these analyses are presented in Table
XXIII. Only slight differences were noted in the water content of fuels from
the two groups, and in fuel from different test series within the respective
groups.
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TABLE XXI I

Existent and Potential U=* Cov.snt of CTE Fuel
from Additive Rraluatiom Studies after 16 Weeks Stcrap

10% Sea Water Additive Meup, ug L=/100 ul Fuel

A Active - No Iron Existent O.A 1.5 0.6 0.3
P'tential 0.5 1.9 0.7 0.4

&
B Sterile - No Irm Existent 0.4 1.6 0.5 0.4

Potential 0.4 1.9 1.1 0.5

0 Active - Iron Existent 0.5 2.2 0.4 0.3
Potential 0.5 2.3 0.9 0.8

D Sterile - Iron Existent 0.5 1.7 0.5 0.14
Potential 0.7 1.9 0.4 0.3

K Sterile Fuel Only Existent 1.0 1.2 015 0.I4
- No Irom Potential 0.6 1.3 0.5 0.7

: TF Sterile Fuel only Existent i.) 1.2 0.4 0.4 1 ;
- Iron Potential 1.1 i.1 0.5 0.5 7,

A-i Active plus N + P Existent -Q - - 0.14
- No Iran Potential - - - 0.7

A-2 Active plus N Existent - - - 0.3

- No Icrm Potential - - - 0.4

A-3 Active plus P Existent - - - 0.4
- No Iron Potential - - - 0.6 I

C-I Active plus N + P Existent - - O.4
Iron Potential - - 0.4

*Existent Oum - ASTM Test Method D 381;
Potential Gum - ASTM Test Method D 873.

*(-) doates that aalpe was not tested
or that series was not included in group. I
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TABLE fXIII

Karl Fischer Water Analysis on (UTE Fuel
from Additive Rwaluatiai Study after 16 Weeks Stag.

Additive Group - ppi H20

Series 10% Sea Water Bottom• I XIII

A Ahtivu, No Iron 3 60

B Sterile, No Iron 47 60

C Active, Iron 4.2 314

D Sterile, IrT 143 68

I sorile Fue•iOnly, No Iron 30 34

F Sterile Fuel Onl3v, Iron 34 35

A-1 Active (N + P), No Iron - 40

C-i Actie (N + P), Iron - 40

-i
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c. Analysis of Sludge

"Sludge" accumulations in the additive evaluation studies (water and
fuel insoluble materials other than corrosion products) were observed only in
units with increased microbial activity. Corrosion roducts precluded the study
of sludge in units containing steel wool (Series C, D and F). Quantitative
gravimetric determinations were made on four fractions of the sludge:

Fraction A - Insoluble Material (Insoluble in fuel, water,
and benzene-acetone-methyl alcohol solvent).

Fraction B - Fuel Sludge (Material insoluble in fuel and
water but soluble in benzene-acetone-methyl
alcohol solvent).

Fraction C - Non-volatile, water solubles (including NaCl)
and fine pqrticles which may have passed through
the Millipore filter disc.

Fraction D - Material from the water bottoms collected on
0.45 micron Millipore filter disc after
Fraction A has been collected.

Details of the procedures employed are presented in Appendix E. The
results of analyses on units from Groups I, II, III and XIII are reported in
Table XXIV. Those units exhibiting heaviest microbial growth contained the most
sludge, particularly the nitrogen and phosphorus unit (Group 1III, Series A-li.
Only a trace of benzene-acetone-methyl alcohol solvent soluble material (Fraction B)
was found in the bottoms examined. Material collected on the Millipove filter
disc (Fraction D) was similar to that collected on the glass filter pad (Fraction A).
Microscopic examination of the Millipore disc revealed the presence of bacterial
cells and fungus nmcelium.

Several discrepancies were noted in the quantities of water soluble
materials (Fraction C) present in the Control Group XIII, particularly in Series
A-1. The water bottoms Li Series A-l, 2 and 3 contained nitrogen and phosphorus
salts in addition to th• -alts pree.•nt. in the sea water. The results suggest that
the salts were incorp6rated into the microbial sludge which for=ed.

To further characterize the sludge in these systems, Fractions A •snd B
from Group XIII, Series A-l, were analyzed in the infrared spectrometer. The
absorption spectrum obtained on Fraction A was similar to but not the sawn as the
one shown in Figure 1. Subsequent studies reported in Section D-1-a, and shown in
Figures 4 and 5 therewith, indicated that the spectrun constituted the infrared
"absorption characteristics of the bacterial cells and fungus mycelium present.
Infrared analysis of Fraction B indicated that it was primarily hydrocarbon,
probably fuel components.

I
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TABLE XIIV

Results of Crhaimetric Determination of Slulge
from Additive Evaliation Units after 16 Weeks f'g I

Fraction,•

Weight in ,,o,/tet unit
Additive 10% Sea Water Bottims,

Group Series Without Iran Pa) B(2) C(3) D(4)

I A Active 10.1 5.2 76.8 18.3
B Sterile 0.7 1.6 87.1 0.0
E Sterilefuelonly 0.5 - -ue

II A Active 1.3 2.5 78.7 0.6
B Sterile 1.3 2.4 75.8 0.0
9 Sterile fual may 0.8 - - - L

III A Active 3.3 0.3 80.1 2.3 ii

B Sterile 3.1 0.1 78.7 0.2
1 Sterile fuel only O.1 - - -

XIII A Active 0.7 0.7 86.8 0.1
B Sterile 0.3 0.0 76.6 0.0
C Sterile ful oly 0.0 - - -

A-I Active (N + P) 48.h 8.7 88.8 31.6
A-2 Active (N) 1.5 0.8 97*7 O,4
A-3 A.jtive (P) 25.1 1.3 106.6 4.2

(1) ITsoluble Material - Insoluble in fuel, water and benziss-acetone-
mtbyl aloshol solvent.

(2) Fuel Slvdge - Material insoluble in fuel and water but soluble in
benzsone-actons' thyl alcohol solvent.

(3) Non-volatile, water smlubles (includi.ng NaC1) aid fine particles
which ma have passed thromuh the filter pads. Reported as mg/20 ml
of water bottems.

(4) Material not removed by initial filtration through g-lass filter pad
and having a particle size greater than 0.45 microns. The material
was collected on a 0.45 non Milliporo filter disk.
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3. CITE Fuel Storage Tests - Effects of Fuel Stability and Mixing

Two other variables which may influence the growth of microorganisi.a
and sludge formation in fuel-water systems were investigated. The effect of
fuel stability and occasional mixing of the water and fuel phase sere
c9nsidered. The two additive-free fuel blends were employed in this study:
stable straight-run fuel, Blend 1 (used ii Additive EveLuaticn), and potentially
unstable fuel containing straight-run and cracked stock, Blend 2.

Tests were set up in 8 -oz. square bottles containing 20W ml of fuml
and 10 ml of 10% sea water, with and without iron. The various series were set
up in the same manner as the Additive test (Appendix F) with the above, exceptions.
Duplicate groups were set up with each fuel for comparison af static incubation
vith occauional mixing.

Blend 2, the less stable fuel, was expected to form- typical fuel sludge.
Unfortunately, the fuel was more stable than anticipated. After 24 weeks, there
was no noticeable change in the appearance of the fuel or in the microbial growth
in the water bottomm (Table XXV). Also, intermittent shaking had very little
effect on growth. It should be pointed out that these tests were set up with
additive-free fuel, and with 10% sea water botmoms, deficient in nitrogen and
phosphorus.

The tests were discontinued after six months when it was obvious that
no change in the fuel had occurred. Intermittent shaking also failed to signifi-
cantly influence the microorganisms in the water bottoms. This was apparently
due to the lack of nitrogen and phosphorus in the water bottoms* No other
potentially unstable fuel blends were prepared because of the difficulties of
meeting the Military specifications. Since our efforts under this program were
confined to CITE fuel, we did not pursue this area any further.

i
I
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II

4. Studies on Hydrocarbon Fuel Components Utilized bX Micr.ranismsX

- In preliminary studies with RP-I rocket fuel we attempted to estab~i4h
which hydrocarbon componentb of the fuel were utilized by the mi--:robiaj flora
present. Hydrocarbon type analysis of exp•osed fuel failed to reveal any signifi-
cant changes in fuel composition (Tables IVr and V). Apparently, the organisms
utilized such small quantities of the fuel that it w4• inpossibl',, to detect any
change. Also, when mixed cultures were employed, a var&.ety of hdrocerbon types
were probably attacked, further complicating the analysis. In an effort to more
directly establish which hydrocarbon types were being utilized, z tudies were
initiated with pure compounds. A number of hydrocarbon types which might he
found in a typical CITE fuel blend were selected.

The cultures used in these studies were selected from Sinclair's stock
culture collection. Some twenty pure and mixed cultures isolated from fuel-water
systems were checked for their ability to grow on additive-free CITE fuel (Blend 1).
The tests were set up in two basal media, mineral salts solution and 10% sea water
containing added nitrogen and phosphorus salts. Twelve of the twenty cultures
checked grew profusely on the CITE fuel in both test media. Growth was somewhat
slower under static conditions than when incubated on a shaker. However, the
amount of growth present in the systems at the end of one week apparently varied
only slightly. No quantitative measurements were employea, only visual compprisons
were made.

The twelve cultures which grew well on the CITE fuel were transferred to
midneral salts solution overlaid with a blend of pure n-paraffins (Appendix G).
All but two cultures grew well on the hydrocarbon blend. The two cult ires which
did not appear to utilize the n-paraffins were isolated from RP-1 fuel. They
apparently utilized aromatic components of the fuel.

Additional studies were made using the composite inoculum employed in
the storage tests. Enrichments were made apd several pure cultures isolated.

a. Mixed Culture Studtes

Seventeen purified hydrocarbons and a synthetic mixture were exposed to
the composite tank bottom water sample used to inoculate earlier storage tests.
Included were n-heptane, n-octane, n-tridecane, n-tetradecane, isooctane, 2-meth,-l-

heptane, 2-methylipxane, benzene, toluene, meta-xylene, 1.2,4-trimethylbenzene,
n-propylbenzene, isopropylbenzene. naphthalene, biphenyl, 1,3-dimethylcyclohexane,
and a mixture of cycloparaffins (including cyclopentane, methylcyclopentane, cyclo-
hexane and methylcyclohexane). All purified hydrocarbons used were either Phillips
Research Grade (99+ Mol %), American Petroleum Institute or National Bureau of
Standards Reference Compounds. Because of volatility problems, particularly withj the lighter hydrocarbons, growth experiments were carried out in a Warburg
respirometer. Details of the procedures are presented in Appendix H. The studies

I
-68-

I
I!



,wre conducted in 10% sea water, containing nitrogen and phosphorus salts
(Appendix B). Carbon dJoxlde was continually absorbed from the system by KOH
in the center well of each Warburg flank.

Growth, as reflected by oxygen uptake, was observed within a week as
sui•w- 1z6d ii Table XiXVI under Inoculum I. These results were eBbsmquently
duplicated using lightly capped b-ounce bottles containing 20 ml of 10% sea
water solution. Every 24 hours, the caps were loosened to allow air exchange.
Incubation took place under shake conditions at 30'C.

Bacteria predominated in units containing the isopropylbenzene,
biphenyl and naphthalene, while mixtures of bacteria and fungi ware observed
growing on the normal paiaffins, Continued enrichment of the mixed cultures on
the individual hydrocarbons resulted in accelerated growth and selection of one
or two org'onisms. Attempts were then mnde to isolate pure cultures for further
study,

b. Characterization of Pure and Mixed Cultures

Cultures from the above study were serially enriched on n-heptane,
n-octane, n-tridecane, n-tetradecans, isopropylbenzene, naphthalene and biphenyl.
After four transfers, the n-paraffin cultures were streaked on 10% sea water-
hydrocarbon agar plates (Appendix B). A mixture of n-paraffins (Appendix 0) was
employed as a carbon source in this medium. Isolated bacterial colonies were
transferred to 10% sea water solution and the hydrocarbon on which the culture
was enriched. iurgi were isolated by placing a piece of the fungal growth from
initial enrichment units on the surface of the solidified medium. After several
days the fanbi grew away from the initial streak, permitting their 1,jolation
from the peripheral area without bacterial contamination. Organisms which
utili-ed naphthalene, biphenyl and isopropylbenzene were also isolated. The
bipherYl and isopropylbenzene isolates grew extremely slow and were very difficult
to muintain. Furthermore, the CITE fuel used was deficient in these two hydro-
carbon types and woald not support growth. These twc isolates, therefore, were .
not subjected to further study.

The naphthalene culture was checked for its ability to grow on the
following substituted naphthalenes:

l-Methylnaphthalene
2-Methylnaphthalene
!, 2-Dimethylnaphthi lene
1,3-1.5-

16--
1,7-
2,3-
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I TABLE XXVI

Comparison of Growth of Pure and Mixed Cultures
i on Various Pure Hydrocarbons

I Hydrocarbon Inocu.h.ur I itoculum 11 .noculum III Inoculum VII Inoculum VIII

n-Heptane + +* - - -

n -O ct ane + + - " -I n-Tridecar-e + + (weak) - + +

n-Tetradecane + 4 (weak) - +

iso-Octane .....
2-Me thylheptane .....
2 -Methylhexane...

Eenzene
Toluene .....
o-Xylene - ....
m-Xyleie .....

S i, 2,4-Tiý:methylbenzene .....
n-Propylbenzene ....
iso-Propylbenzene t ....
Naphthalene....
Biphenyl +

Cycloparaffin Mixture **- .....
Phenol .....

I CITE Fuel + 4+ +

I *(-*) Indicates hydrocarbon supported grow of culture on several transfers.

I **( -) Indicates hydrocarbon failed to support growth of culture.

• -* Cycloparaffin Mixture contained equinmolar concentrations of the
following:

Cyclopent ane
Methylcyclnpentane
Cyclohexane

Vpthylcyclohexane

I
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Only slight growth was noted on 2-methylnaphthalene, while heavy growth was noted
on 1, 2-methylnaphthalene. The growth on the latter compared quite closely to I
that obtained on naphthalene itself. Growth was generally observed in less than I
24 hours on these two hydrocarbons.

Cultures which utilized n-paraffins were transferred to 10% sea water
solution containing individual n-paraffins from C5 to C14 and C16 (C15 was not
available in purified form). Growth was observed visually and the results are
recorded in Table XXVII. The n-heptane and octane cultures appeared to be the
same organism, utilizing the same hydrocarbons. For this reason, only the
n-octane culture (Inoculum VI) was included in the table. The culture enriched
or n-tridecane grew best on n-paraffins in the C7 to CIO range. This was in
contrast to the n-tetradecane enrichment which grew best on C10 to C16 n-paraffins.

In addition to the composite tank bottom (Inoculum I) and the enrichment
culture reported above, four other cultures were examined for their ability to
grow on CITE fuel and to utilizq various hydrocarbon types. They were identified
as follows:

Inoculum II - Pseudomonaa sp. (Isolated from JP-4).

Inoculum III - Pure culture of bacteria isolated from RP-I,
Rocket fuel sample supplied by Natick.

Inoculum VII - Cladosporium resinae (Isolated from JP-4).

Inoculum VIII - Mixed culture of bacteria and fungi obtained
from Sohio.

The results of these studies are reported in Table XXVI. Inocula II,
VII and VIII grew primarily on the n-paraffina, while Inoculum IMI grew only on
naphthalene. Apparently Inocula VII and VIII prefer the higher molecular weight I
nirmal paraffins in contrast to Inoculum II which in this study grew on C7 , C8 1 L.
C13 arv' C)1 paraffins. A further check on Inoculum 1I (a pure Pseudomonas op.
isolated from JP-4) indicated that the organism was capable of utilizing
n-paraffins from C6 to C1 6 . Tpnoculum III (a pure unidentified bacterial culture i:
isolated from RP-I fuel), on the other hand, utilized 2-methyl-, 1,2-dimethyl-,
and 2, 3-dimethyl- substituted naphthalene in addition to naphthalene, but failed r
to pgow on the other methyl deri--4 - Yes. These two pure cultures were isolated
from two different fuels, which differ primarily in paraffin content rather than
in the amount of aromatics present. The RP-I fuel is a narrow boiling fraction
with a distillation range of 365-410 compared with 137-476 for JP-4.
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TABLE XXVII

Comparison of Growth of Purified Cultures
Enriched On n-Octane, n-Tridecane

And n-Tetradecane on Eleven n-Paraffins

Org•Ansma Enriched On
n-Octane n-1.-idecane n-Tetradecane

In-Paraffin Inoculum VI Inoculum V Inoculum IV

Pentane

I Hexane +++

f Heptane ++++ .+++ -

Octane +++ +44+ +÷

j Nonane ++++ +.+ -

Decane ++ ++++ ++

Undecane + 4+ +

- lDodecane +

Tride cane - +

j Tetradecane - - +

Hexade cane -++

F

j * Growth was observed visually and rated as follows:

-No visible growtz.
± Questionable growth
+ Slight growth

++ Moderate growth
+++ Moderate to heavy growth

++++ Heavy growth

-72-



L

The preference of the tank bottom isolates for n-paraffins is quite
obvious from the results reported in this section. This is not surprising sinoe
paraffins are generally the predominate hydrocarbon type in test fuel employed.
In the following sections we employed eight cultures vhi-h we considered I
representative of typical tank bottom flora. Also inclxed were mixed natural
mixtures of organisms obtained from the field. All test cultures were character-
ized in this section as to thm hydrocarbon types which would support their |
growth or the growth of at least one member of the mixture. In addition to theL
four identified abcve, the following were included in this grouWS

Inoculum I - Tank bottom composite. Same preparation L
used in setting up the additive evaluation.

Inoculum IV - Pure fungus culture isolated from the tank |

bottom composite (Inoculum I) on n-tetradecane.

Inoculum V - Mixed culture containing bacteria and fungi.
Obtained by enriching the tank bottom composite
(Inoculum :) on n-tridecane.

Inoculum VI - Same as V, except enrichment carr.ied out on L
n-octane.

I-
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SD. Production and Analysis of Microbial Sludge

Earlier studies with CITE fuel demonstrated the ability of micro-
organisa to grow in water bottoms at the exnse of hydrocazbon components
of the fuel. Also demonstrated was the need for suitable nitrogen and phosphorus
sources for the production of microbial sludge in these system. Based on this
and other information obtained in these studies, three systems were employed for
the controlled production of microbial sludge. In the first system the sludge
was produced under static conditions in one-gallon glass bottles. The second
system employed conventional laboratory fermentation techniques for the production
of large quantities of sludge. CITE fuel was vsed in the static while both CITE
fuel and pure hydrocarbons were used in the fermntor.

A third series was set up under static condzi e•ploying n-he1adecane
as a substrate and two fungus cultures, Inocula IV and VII. This series was set
up under conditions which favor fungus grwth in an effort to obtain large
quantities of sludge for comparison with bacterial sludge produced in the
fermentQr.

I. Static Test Sytem

Preliminary tests were set up in gallon bottles containing 160 ml of
10% sea water solution (Appendix B) and approximately one gallon of filter
sterilized CITE fuel (Additive-free, Blend 1). The units were inoculated with
various mixed and pure cultures of both bacteria and fungi characterized in the
above section and identified as follms:

Inoculux I - Tank bottom composite. Same preparation
used in setting up the additive evaluation.

Inoculum II - Pseudomonas s. (Isolated from JP-4).

Inooulum III - Pure culture of bacteria isolated from RP-l
fuel sample supplied by Natick.

Inoiulma IV - Pure fungus culture isolated from the tank
bottom composite (Inoculm 1) on n-tetradecans.

Inoculmm V - Mixed culture containing bacteria and fungi.
Obtained by enriching the tank bottom composite

o u (Inoculum I) on n-tridecane.

SInoculu VT - Same as V, except enricbmnt carri A out on n-octane.

Inoculu VII - Cladosporium resinas (Isolated from JP-s).

Inoculum VIII - Mixed culture of bacteria and fungi obtained

II from 801110.
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After six weeks storage under static conditions at 30*C.0 the
contents of each unit were separated into three fractions according to the
procedure outlined in Appendix K.

A. Insoluble Material - Insoluble in fuel, water, amd
a bensene-aceton -methyl alcohol solvent mixture.
(Triple solvent.)

B. Fýel Sludge - Material insoluble in fuel and water
but soluble in a bensene-acetone-methyl alcohol
solvent mixture*

C. Non-volatile, water soluble materials and fine
particles which =W have passed through the filters
employed,,

Oravimetric deteminations of Fractions A and B are reported in
Table XHVIII. The results indicate that Inocula I, IV and VIII produced the
most microbial sludge under the test conditions employed. In general, there
does not appear to be any correlation between the quantity of microbial sludge
produced (Fraction A) and the amount of fuel sludge (Fraction B) observed.
Variations in the quantity of fuel sludge may be due to the presence of
materials extracted from Fraction A. Such compounds as lipids and high
molecular weight alcohols, and possibly some polysaccharides and proteins,
ma be extracted by the solvent mixture employed.

a. Observations on Fraction A

The water, fuel and triple solvent insoluble material, Fraction Ap
zrom each of the eight test systems was examined by infrared spectroscopy.
Eight inocula were employed in this study in an effort to establish if there
were any significant differences in the IR absorption characteristics of pure
cultures and natural mixtures grown in a fuel.water system. Careful examination
of the spectra indicated that each sample possessed slightly different absorption
properties. However, all absorbed strongly in the 9-10 micron range. Differ-
ences in spectra are apparently due to inherent differences in the microorganism
present. Characteristic of all spectra was the absorption band at 5.95-6.1
microns which is normally duo tq amides. In these samples the band could
represent the peptide bonds of proteins. Representative IR spectra are
presented in Figures 4 and 5.
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Reports in the literature on the 1R absorption characteritics of
microorganisms attribute the 9.5 band to cellular carbohydrates( 1,2. The .R
spectra of starch and dextrin show strong absorption bands between 8.7 and 10.0
microns. While these bands are in the right range, they are considerably broader
and do not appear to be the same as the microbial sludge. However, spectrQ f
some mcno- and di-saccharides shicu strong absorption bands at 9-10 microns53),
suggesting that the cellular material is of lower molecular weight than the
starch and dextrin.

b. Observations on Fraction B

Analysis of the triple solvent soluble mzaterial, Fraction B, from the
eight test systems was also confined to infrared spectroscopy. Representative
spectra obtained on these samples are presented in Figures 6-10. It should be
pointed out that some of the samples were run as Nujol mulls. Absorption bands
due to hydrocarbons are quite apparent in the spectra of samples run without the
mulling agent. The presence of absorption bands between 5.6 and 5.9 microns on
spectrograms of all samples indicates oxidized compounds, either fuel coaponents
or residual solvent. Houever, absorption in this range was not observed in any
of the insoluble sludge samples (Fraction A) which were solvent extracted, uome-
what ruling out the solvent. This would also tend to indi-tte that the solvent r
extraction of Fraction A removed essentially all of the material which absorbs
at 5.6 to 5.9.

Examination of the IR spectra obtained on Fraction B revealed two
gmupe of inocula having similar spectra (Figure 7). One group consisted of
Inocula I, VI and VII (Figure 6), and the other included II and V. The remaining
spectra appeared to be distinctly different from those in the two groups. It is
not surprising that Inocula I, VI and VII have similar spectra since VI and VII
are enrichments of I. However, Inoculum V should also be in this group for the
same reason, but it has a distinctly different spectrum, possibly reflecting a
predominate microbial type not present in the other inocula.

(1) Greenstreet, J.E.S. and Norris, K.P., rhe Existence of Differences
Between the Infrared Absorption Spectra of Bacteria", Spectrochimica.
Acta 9, 177-198 (1957).

(2) Norris, K.P., "lnfrared Spectra of Microorganisms', Advances in Spectroscopy,
Volum II, pp. 293-330 (1961), edited by H.W. Thompson, Interscience
Publishers, Inc., N.Y.

(3) Katlafsky, B. and aeller, R.E., 'Attenuated Total Reflectance Infrared
Analysis of Aqueous Solutions", Analytical Chemistry 35, (11) 1665-1670,
(1963).
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An interesting obeervation was the presence of absorption bends
between 9 and 10 microns in the triple solvent soluble fraction similar to
the bands noted in the Fraction A spectra. The bands were particularly sharp
in Figures 6 and 10, but somewhat obscure in Figure 8 (Inoculm III). Absorption
in this range suggests the presence of triple solvent soluble carbohydrate-like
materials. Same oellular polyeatcharides, for example, are alcohol soluble.

Absorption bands were also observed between 5.95 and 6.1 microns in
all samples of Fraction B with the possible exception of Inoculum III (Figure 8). [1
Bands in this range are usually associated with amides, suggesting the presence U
of triple solvent soluble proteins, polypeptides, or anda sugars.

The atypical spectrogram obtained on the solvent soluble fraction of
Inoculum III (Figure 8) is of particular interest since the organism involved
is the only one tested which utilizes arcmatic hydrocarbons (naphthalene and
several substituted naphthalenes). Absorption bands usually aesigned to
substituted aromatics were observed in the 12.25 to 13.5 micron range. The
presence of aromatics is further evidenced by the absorption bands at approxi-
mately 6.2 microns. Other absorption bands of interest were observed in the
5.6-5.9 and 5.95-6 ranges, and at 8 microns. In general, these bands are m
associated with oxidized organic compounds such as esters and organic acids.
These observations confirm that hydro carbon fuel components other than paraffin.
are susceptible to microbial attack. U

c. Observations on Fraction C

Detailed analyses of Fraction C (water bottom free of microbial slvdge),11
were carried out in several steps as outlined in Appendices I and J. The results
of these analyses are discussed below in three parta, each dealing with a partic- FI
ular type of analysi., Li

1) proteins

The presence of proteins in water bottoms containing active micro-
organisms would normally be expected as a result of the olaboration of exta-
cellular enzyme, and cell Jysis. Several methods of quantitating the protein II
present in the cell-free water bottoms (Fraction C) were considered. Two techniquJ
were selected because of their sensitivity and specificitV. Since most tests for
proteins have inherent limitations, the two procedures were employed in an effort |
to minimise the errors involved. To eliminate interfering wubstanoes-whihb might
be present in the water bottome, an aliquot of each water bottmm woo dialyzed
against running tap water. Determinations were made before and after dialysis. o

Results of the quantitative measuremnnt of proteins in the water bottam
are presented in Table XXIX. The presence Cf interfering substances is indicated
by the lower readings obtained after dalysis. Biwce both methods are dependent I|
on the presence of tyrosine in the protein molecule, any other phenolic compound
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present will also be detected. Analysis of water bottom from sterile control
units and of CITE fuel revealed the presencv of phenolic materials. The fuel |
contained 76 ppm of phenols. This is within the namal range for a straight-
run product having a distillation range comparable with CITZ fuel. Therefare.
the values obtained after dialysis are more realistic. Even these figures
should be considered slightly high becouse it is difficult to oomJetelyL
eliminate the interfering substances. We were not able to adjust the figures
obtained with the various protein tests because the organism present probably
utilized some of the phenolics. Nevertheless, variations in the protein content
were noted between the water bottoms containig different inocula. Inoculum II,
a Pseudononas sp. apparently produced the Nst extracellmlar protein.

If these data are considered qualitative rather than quantitative,
we can conclude that protein is present in the water bottom in all of the
test systems. Also, we can speculate that it my contribute to the stability
of the emulsion which is normally observed in picrobial sludge at the fuelmater
interface in the field as well as in the laboratory.

In reviewing our techniques for determining proteins, Dr. M. J. Ironman
of Nqtick pointed out several inadequacies in our procedures. The Lowry and
280/260 methods for determin'i protein are dependent on the tyrosine content
of the protein involved. In comparing ixturos of proteins, differences in
composition =a be reflected as differences in concentration. We appreciate
the significance of this point but, after reviewing available procedures,
decided that perhaps the error involved would be minimized rather than enhanced
by the fact that we were dealing with mixtures of proteins. The error would be
great only if we were dealing with very unusual proteiria. Furthermore, because
of the apparent low protein content of our samples we were required to tue these
two methods. The conventiotal biuret procedure requires considerably more
material and in addition does not work in the presence of ammonium salts.
Dialysis could have been ezployed to eliminate the salt but we could not
compensate for the low protein content. An unsuccessful attempt was made to
precipitate the protein with trichloroacetic acid.

At the time we were conductMin these analyses, we were unaware of the
presence of phenolic compounds in the water phase. Undoubtedly, these materials
were interfering with both procedures. Dialysis probably eliminated much of
this material but se of the higher molecular weight compounds probably
remained in the sample.

Further attempts were made to determine the protein content of water
bottoms produced in Ferentor Studies and are covered in Section D-2 of this
report.
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Efforts to quantitate the amount of carbohydrate material present in
the water bettozms first involved A review of available procedures. Two techniques
w[ hich reportedly deotrmine tct? carbohydrate were "eleoted, the Antkwon and the
indol] mothods. However, only the Anthroze procedure (Appendix I;r od of am
value in testing the water bottoms. The 1%03 in the 10% sea water medium[ interfered with the Indole test.

The results obtained with the Anthrone technique are presented in
Table M. In all cases, the carbohydrate content of the water bottom was
relatively low. Readings obtaunsd on the ample. vere at the lu~ lMts of
the test's sensitivity. For this reson the per cent error, which is normaly
greater in this range, was magnifed when corrections were ,de for dilution
and the results adjusted to mg per liter.

Qualitatively this test procedure confirmed the presence of carbotydrate
- in the water bottom. It is possible that this material, like the proteiz. may

also help stabilise the muleion present in udcrobial sludge samples before
extractium.

SDr. F. W. Parrish of Natick co inted on our techniques for determining
total carbohydrates. He recomended the ma of the phenol method of Smith, F.,
et al, (Analytical Chemistry 28, 3,0, 1956), because it bas distinct advantages

Sorv•-rthe Anthrone method vhich ve employed. This mnthod was evaluated and
interference encountered from nitrates present in the syste. With respect to
the Anthrone procedure, the results obtained (Table X1X) were definitely at the
lover limits of the test's sensitivity. The data presented were based on the
original volume of water bottomas which vari..d from 160 to 320 ml and were adjusted
to mg/titer for convenience. Hoeveyr, in the process of fractionating the samples,
the witer phase was diluted considerably before the Anthrone determinations were
mAs

Dr. Parrish also pointed out that, despite the apparent low concentration
of carbohydrates, we should be able to obtain ample material for structural
determinations from a few liters cf solution. Utnfrtunately, it Is impractioal
to obtain this volume of solution with our present test system.

I The following tests were employed and the resulting inter-feremwas norted;

I.Teat Procedure Interferiax Agents
IAnthrons 50 Ppenol (color)

Indole VD3 (Pt) Phenol (color)
Phenol-.•2 304  10 (Color forns. A material having a

broad absorption band is also pro-I duced. Since tht quantity of MO3
] varies, adequate controls &2-o

essentially impoussible.)
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TABLE XXI !
Total Carbohydrate Content of Water' Bott•ms Fraction C

(mgIi) L-

Ipoculum .

Procedure I li III TV V vi vII il

Anthrone(1) 64 75 156 172 25 66 76 127
(5) L

(1) Ashwall, G., 1957, Colorimetric Analysis of Sugars, in Methods in
Enzymology II, 84, Edited by Colowick, 3. P. and Kaplan, N.0.,
Acade;-mlc P•;s, Inc., N. Y. -

L J
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3) on-Prtoir and Non-Cj~rNky'drate C9!p99egs

A series of distillations and extraction were candvted on an
aliouot from each water bottom sample (Fraction C)a following 'close the
procedures generally employed in fermentation analyses (Appendix J).
Because of M questionble sensitivit the analytical procedures
eaplay, ", the results are presented in a qualitative forv. It appars

that most of the classes of compouds detected in the analyses were present
in ow concentrations, if presqnt at all.

iiht Resultz .. ; thcae tests are summarized in Table Xi. Of the
% aight saples anay.d, only the water bottwn contpining Inocubm inI (RP-i

pare bacterial culture) gave positive test results. The idenity of the
compounds present in the tm distillates was not established. Purther teste
to detersips the nature of the materials present vere not made because of
the relatively small quantity of samples available. Larger quantitiea of
material were obtained and analyzed in the Fermentor Studies reported in
Section D-2 of this report.
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TABL fXX

Summarization of Analyses for Non-Protein
and Non-Carbohydrate Components of Water Bottom& (Fraction C)

Static Test

Analytical Procedure Inoculum

I II III IV V VI VIi VIII

Volatile Neutrals - -

Analysis of distillate

Dichromate Test -.() _ W(2) . . . . .

NMW Ijh Extract) -- +-. . . . .

Volatile Aridn-
Analysis of steam
distillate

Titrable Acidity - - +

CCI Fx'ractable, non-
vlatile neutrals

N R

CCl, Extractable, non-
volatile acids

(1) - Negative test, no compounds observed.

( + Positive test, a small amount of material detected.

Ll
Li



2. Fermentor Studies

The data obtained with the static system reported in Section D-1
yielded useful information on the growth of microorganisms in fuel system
but failed to provide g4equate material for detailed analyses of sludge and
water botto. To conveniently produce sufficient quantities of these materials,
a single unit New Brunswick MicroFerm fermentor was used. Details of the system
are presented in Appendix K. Because of the relatively large volumes of material
involved, some modification of earlier fractionation procedures was required

(Appendix L). The interfacial emulsion which formed in the rurns with CITE fuel
was handled separitely.

Five ferimntor runa were made employing two pure cultures and a
composite of contaminated tank bottom water samples. The two pure cultures
were grown on the pure hydrocarbons which they utilized most readily and on
CITE fuel. Details of the cultures used are presented in Section C-A of this
report. The followipg fermentor rum were mad.:

Run 1 - Inoculum II (Pseudomonas !p.) on n-octane.
Run 2 - Inoculus III (MI cture, pure) on naphthalene.
Run 3 - Inoculuz I (CcUwsite tank bottom sample) on CITE fuel.
Run 4 - Inoculux II on CITE fuel.
Run 5 - Inoculum III on CITE fuel.

Ferwntor run 3 consisted of a two-stage process involving incubation
under dynamic conditions in the fermentor followed by static conditions under a
large volma of fuel (Appendix K). Following the fermentor run which wroducedr heavy bacterial growth* the contents of the fermentor were divided in half,

The two portions were used to inoculate two 40-liter glass carboys containing
sterile CITE fuel. We anticipated heavy fungus growth to develop under the
static conditions. The pH of the water phase was approximately 5 when the
fermantor run was completed. To insure fungus growth, the carboys were re-
inoculated with &n aliquot of Inoculum I. This two-stage process more closely
approaches field nondrtions where both bacteria and fungi ar•- present. The
fermentor simulated the turbulauce of p which tend to produce emulsions,
and the carboys simulated the relatively quiescent tank bottoms.

Fermentor run 2 had to be repeated because of dxcessive foaming and
the use of a large amount of silicone antifom agent. The silicone made analysis
of the sludge and water bottoms impossible. Fermentor run 5 was also repeated,
but only because of difficulties in separating the emulsion which formed. The

Swrter phase, including the cells, was evaporated to dryness at 105*. The run
was repeated in order to obtain an aqueous fraction for analysis.

Each feruentor run was handled separately and fractionated in the
manner described in Appendix L. The fractions obtained were analyzed in an
effort to characterize the materials present. In previous studies we reported
only three fractions:
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Fraction A - Insoluble Residue - Insoluble in fuel, water,
and bensene-acetone-matk~l alcohol solvent I
mixture (triple solvent).

Fraction B - Fuel Sludge - Material insoluble in fuel an4 1.
water but soluble in benzene-acetone-mithyl
alcohol solvent mixture (triple solvent).

Fraction C - Water Bottom - Water soluble, non-volatile
materials.

In an effort to obtain better separation of materials the procedures were extended
to include the following fractions (Appendix B):

Fraction D - Water Soluble Extract - Materials extracted
from the sludge with distilled water.

Fraction E - Hexane Soluble a - ?aterials extracted from
the sludge with n-hexans. In the past this
fraction has been considered as part af the
fuel phase and not reported.

The weights of the various fractions were obtained and are presented in
Table XXIII. Very little difference was noted in the yield of sludge from runs
1, 3 and 4. Run 2 yielded very little sludge, probably because of the short
duration ol" the test. The high yield reported for run 5 was due to the inclusion
of salts present in the water bottom.

Oidy trace quantities of hexane and triple solvent soluble material were
present in the sludge obtained from runs I and 2 (pure hydrocarbons). Small but
significant quantities of these two fractions were obtained when CITE fuel was
employed (runs 3, 4 and 5). Relatively large quantities of water soluble
materials were obtained in runs 1, 2 and L. A substantial portion of this
material is probably due to cel2 lysis. Also, it was difficult to comple~tely
eliminate inorganic salts from this fraction. The sludge from run 5 contained a
large quantity of inorgnica since the entire water phase had to be evaporated to
dryness to facilitate handling.

Analytical data obtained on each fraction are discussed below. Results
from the various fermentor runs are compared.
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a. Observations on Fraction A

Elemental analyses of Fraction A from the variowi fermenter runs are
presented in Tables MIII and XXrV. Considerable variations in the relative
concentrations of C, H. 0, N and P in microbial cells can be expected since
many factors, including the genetic make-up of the organismt, influence ceal
content. Emission Spectrograph analysis (Table XXXIV) indicated that phosphorus
was a major metal in all sludge samples. Calcium was also a major metal in the
sludge from runs 2, 4 and 5. The variations noted probably reflect differences.
in growth conditions or in preparation of the sludge, as well as factors
intrinsic to the organisms involved. Data from run 5 was not included because
we were not able to account far the inorganic salts present. 1

The following empirical formulae were derived from the data in
Table XULIIi:

Run I - C44H80O, 5N1 019
Run 2- 3 5u 9
Run 3 - C62JJO02 3N13F
Run It - C2 9 Hf62 o1,N8P

Var 4 ations in element content are again reflected by these formulae. The affect
of substrate and conditions is demonstrated in the formulae obtained on rns 2
and 4 which employed the sams) organism. These empirical formulae appear
relatively reduced when compared with C55H7V22NflP obtained by Porges, et al'
for •ctitated sludge produced in a sauliated waste disposal system. In -orFs'
systen not only were the conditions oxidative but the substrate was more
oxididLzed.

IR spectra obtained on samples of Fracticn A (water, fuel and triple
solvent insoluble material) from the five fervitor runs were essentially the
same. Figures 11 and 12 are representative of the spectra obtained on these
fractions. The spectrum of Fraction A from run 5 was altered somenwhat by the
presence of inorganic salts. Also, there were no apparent changes in the sludge
spectra before and after extractions. Interfacial sludge from runs 4 and 5 had
"spectra similar to those shown in Figures 11 and 12.

All spectra possessed strong absorption bands in the 5.5 to 6.5 micron
range, indicating higher relative concentrations of protein than observed with
the same cultures under static conditions (Figures 4 and 5). This was probably
due to more favorable growth conditions in the fermentor. A dynamic system
provides a better supply of oxygen and substrate, thus eouraging rapid growth.
Under these conditions there is probably less tendency for carbohydrate to
accumulate in the cells and a greater tendency for protein synthesis.

(*) Porges, N. et al, 1956, *Principles of Biological Oxidation*, Biological
Treatment of-Sewage and Industrial Wastes. Edited by McCabe, B.J. and
Eckenfelder, W.W., Vol. 1, pages 35-48, Reinhold Publishing Corp.
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TABLE =1111

Elemental Analysis of Microbial SludEe - Fraction A

Percent

Runl Ran 2 Run3 4n
Inoculum II Inoculum III Inoculum I Inoculum II

Element (n-Octane) (Nap.thalene) (CITE Fuel) (CITE Fuel)

Carbon 42.0 45.9 47.72 38.7

Hydrogen 7.0 6.3 7.11 6.8

Oxygen 19.6 17.6 24.30 20.7

Nitrogen 13.0 12.5 11-40 11.6

Thosphorus 2.7 3.0 1.95 3.4

Sulfur 0.8 0.3 0.70 0.6

Sodium 0.3 0.3 O.06 0.5

Potassium 1.0 0.4 0.16 1.2

Ash 2.0 11.9 7.33 11.8

% Recovery 88.4 98.2 100.73 95.3
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L
TABLE XIMV

Emission Spectrograph Metal Analysis
of Microbial Sludge Ash

Run 1 Run,2 in 3 Run Ii
Relative Inoculum II Inoculum III Inoculum I Inoculum II

Concentration ln-Octane) (Napthalene) ( CITE)- CITE Fuel)

Major P P P P
Ca Ca

Na

Minor Si Zn Ca
Fe Ni Fe
Ca

Trace Al Fe Si Fe
Ag Al Mn Pb
Cu Cu Cu Cu
Cr Cr Zn Cr
Pb Pb Si
Sn Ti Al

1.5 Meter Orating Emission Spectrograph, Applied
Research Laboratories instrument.
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I[A~beorptd:'.n bands are also present at 3,0and 6.54 micrvew hicich we:
bands are Usually assignted to ec0nd4r7' awlnswA qxhine 0r metal sqopS reapec-

F tively. The lack of binds in these regions in the other sludge spectra MWa
L ~Probably due to the relative rnoncetrations preuen'. or mO~king by other cousPonate.

Bands at these two wave lengths and in thie 5.9 to 6.05 ranp awe charactezistic
of maW~ proteins, and tend to corfizu the high prvotin 1ontemt of ths colls.

In addition to the 40da ir tho 5.5 to 6.5 micron rafts, anl spectra
showed strong absorption ba;-ds in the 9-10 micron region. According t~o fforris(l)I beorptiau in thirs region is cias primarily to ceU,41a? po saccharides. Norm~lly.

band inthi reion moe seci icllyat 9.1 to 9*5, ae assigned to 0-'C-D-*
-and O-Bo0' strxtching Mad "P-0-CO vibrations. However, when those structfoes are

present, another band is obsezved at 10.6 microns. In the IIL spectra of sludge
samples (Fraction A) this band is generally not cobsex-ved. or is olely Vaguelzy

[.~~~ dicrnbe or recent artirle by Liabr aud Jones('-)reported studies onpol~y-
saccharides pada ya qumns ~*I pectra o hi oyacaii
preparation poedssetd strong Obsorption bands betweqn 9 and 10 micron and at
10.6 microns. In an effort to establish the presence cwabsence of a 1Ci.6 Micron

* band, crude separations af the sludge (Fraction A) from run 1 were made employing
TCA (tricbloroacetic acid) precipitations (Appnndix M). Thet IR pettrum of the

V sludge, Fraction A, before TCA treatment. is presented In Figure 11 and shows
I thzo typical absorption band at 9.5 microns and a questionable band at 110.6 microns.

These two bands vore quite pronommeed in the supernatant solution after TCA pre-I cipitation of the protein (Fipurto 13). Apparently, proteinx or ether TCA precipit-
able sludge components masked the 10.6 micron band.

£ Carbobydrates, glyciplo and some organophooiphtes all ponsess absorp¶,ion
bands in these two regions. The class most likely present in the sludge would be
the carbohydratea and probably their phosphoric &ec14 enters.* This would tend to
confirm Harris' obose-vation.

It holdbe meted that the amide band io the 5*9 to 6*0 irv a~
presnceof on-CA reciVM~ble proteins, polypeptides, axino acids, or

posil nitrogen containing carb-ohydrate..

L (1) Norris, K.',1961, Infrared Sphctra of Picrogrganieze, p~p 293-330, Advances
in Spectroscopy, Volum II, edited by Thohipso;i, L.W., Interacience Publishers,
Inca, NJ.Y

(2) Unitker, S.A. and Jones, R. S. , 1964, A Polysecpharidip Resembling Alginic Acid
frcm a Pseudomona~s Hicr~organism., Nature 204k, 4~954), 187.
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b. Observations on Fraction B

The triple solvent soluile fractions from the fermentor rum were
analyzed by infrared spectroscoy. A representative spectrunm A shown in
Figure 14. In general, the spectra obtained resemble the one shown in
Figure 7 (Fraction B, Static Test). However, the absorption bande are clearer
in Figure 14. Of p'.-ticular interest we the easter bands at 5.72 and 8 to 9
microns. These bands apparently reflect the presence of lipid materials
extracted from the cells. Also present are bands Cenerally assigned to proteins
and carbohydrates. The triple solvent evidently extracted these cell components
or perhaps caused lysis which released these materials into the solvent. Similar
spoctra were obtained on triple solvent soluble components of interfacial sludge
collected from fermentor runs 4 and 5. The ester components of the sludge which
are clearly visible in these P.. 'Ira are apparently lipid components of the cells.
These materials appear to have '.ed as surfactants and stabilized the emulsions
which formed in the fermentor rums employing fuel.

Further solvent separation of the triple solvent soluble fraction from
run 4 produced a material which was also soluble in n-hexane. The spectrum of
this fraction is shown in Figure 15. Ester bands at 7.2 and 8-9 microm are
very clear as is the band between 9-30 microns usually assigned to carbohydrate
components. The hydrocarbon peaks (3.5, 6.8, 7.3 and 13.8) are probably due to
residual hexane and fuel components.

A similar separation was made on the triple solvent soluble material
from run 3a The hexane soluble fraction had a spectrum similar to Figure 15.
IR analysis of the hexane insolubles indicated that the materials which absorb
in the 7 to 10 micron range were absent (Figure 16). Peaks associated with acid
carbonyls, amides and metal soaps were present. In addition, bands at 6.2, 6.6
and in the 11 to 13 micron range were present, stggesting aromatic structures.
These peaks probably represent trace quantities of microbial pigments. Thespectrum of an ethanol extract of the tri-solvent soluble material (Fraction B)

is presented in Figure 17. Because of the variety of structures present,
distinct bands were not obtained. However, some of the absorption bands do
warrant ccun t, A strong secondary amine band is present at 3.0 microns and

a strong soap band at 6 .5h microus. The broad band between 5.5 and 6.2 microns
apparentl] represents three and possibly four peaks; ester carborqrl at 5.75;
acid carbonyl at 5.82; amide carbonyl at 5.9-6.O1; and possibly an aroatic
ring band at 6.25. Some evidence of aromatic substitution is also present.
This is indicated by the bands above 10 microns.

This ethanol extract was also examined on the High Mass Spectrophoto-
moter. While the results are not colclusive, the following compounds or similar
miaterials may have been present in the sample. The spectrum indicated the
presence of a mixture of aromatic acids, acetates and possibly ketoes having
molecular weights ranging through mass 322. Not all of the sample volatilized,
sines there was a small amount of residue. The predominate component peaks in
the order of greatest peak height were as follows:

! -102..
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Mass Number Possible Compo'unds
136 m-Toluic acid
122 Bensoic acid
138 Salicylic acid
152 Methyl salicylate
126 C9 Olefin
11.2 08 0le fin
110 Catechol
166 Ethyl salicy late
150 Methbyl-o-toluate or ethyl benzoic acid
134 Metbyl acetophenone or CIO alkyl benzene
120 C9 Alky benzene
124 Dihydroy to luene

Peak heights of the above componmets were too small to make positive identifi-
cation possible. Additional peaks were observed between 166 and 322 mass but they
were too weak to permit even tentative identification. However, the data tnd to
substantiate the infrared observations.

They also correspond to likely metabolic intermediates which might be
produced since Inoculum III, used in this run, is quite specific for naphthalene
and subostituted naphthalenes.

c. Observations on Fraction C

This fraction, water soluble materials, was analyzed for proteins,
carbohydrates and other organic components. The results of these analyses are
discussed below.

1) Proteins

Results of protein determinations on the aqueous phase, Fraction C.
from the various fermentor runs are presented in Table XIVM A modified biuret
test was employed. Protein was not detected in the samples from raw 1 and 2
which utilized pure hydrocarbons as substrates. However, when fuel was employed,
varying amounts of protein were detected in the samples. This may have resulted
from cell lysis due to the excessive washings with distilled water and n-hexare
requ-red to separate the eamlsions which formed.

The pre, even small quantities of protein in the water bottome
supports the cot hydrocarbon utilizers may supply nutrients for non-
hydirocarbon util.. Avengers) in tank bottousm



TABLE X=V

Results of Protein Determinations on the Aqueous
Phase from Fermentor Runs

Protein Determination

Ran Number mg/85 wl

1

2

3 8.73

4 3.80

5 2.44

(i) Modified biuret procedure reported by
Beisenh'erz, et al., (Zeitschrift fur
Naturforschung 3b, 576-577, 1953)
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2) Carbohy'drates

Our efforts to detect carbr~iqdratee in the aquagus phase were
frustrated by the presence of sodium nitrate in the medium. The problems
encountered are discussed in detail in Section D-l-c of this report. Despite
the availability of relatively large samples of water bottoms from the fermenter J
studies, we were unable to eliminate the sodium nitrate interference. Ne
quantitative measurements of carbohydrate content were therefore sade. It would
appear, ow ever, from earlier tests that only trace quantities of carbohydrate
are present in the water phase erploying the tests qualitatively. Also, there
was no apparent ctize in the viscosity c( the water bottom which might be c.
expected if excessive accumulations of polymeric substances such as polysaecharidesa
were presente

3) Non-Protein and Non-Carbohydrate CMpRnmRts

The cell free aqueous phase obtaired from the ferventor rum was con-
centrated in vacuo and subjected to a series of distillation and extraction
procedures outlined in Appendix J. Results of analyses of the variow fractions
are presented in qualitative form in Table XXXVI. They indicate, with the
possible exception of runs 4 and 5, that no substantial quantities of volatile
neutrals or acids aocwulated. In runs 4 an' 5, trace quantities of volatile
neutrals were detected but further analysis indicated that the materials were
hydrocarbon components of the fuel.

Following the distillations, the water bottoms were extracted with
ether rather than carbon tetrachloride to facilitate handling. All water
bottoms contained ether extractables, both acidic mad neutral. An attempt
was made to characterize these fractions by irirared absorption techniques.

Materials extractable under both acidic and basic conditions were
obtained from run 1. The IR spectrum (Figure 18) indicates the presence of very
complex and diverse organic structures, probably microbial pigments. No one
component was present in a sigificant quantity to permit complete or even
partial identification. Similar observations were made on spectra obtained on
acidic and basic ether extracta of run 2 water bottoms. However, in these spectra
additional bands were present which indicated the presence of aromatic hydro-
carbons, probably residual naphthalene. There was also F evidence of aromatic
acids. This is not surprising since the organism aployed utilizes raphthalene
and the pathviT includes a niser of oxidized aromatic intermediates.

Fermentor runs 3, 4 and 5 were set up with CITE fuel. IR spectra of
the various ether extracts revealed the presence of trace quantities of phenolics
in essentially every sample. This observation was anticipated since the fuel
used contained approximately 70 ppm of these materials. In addition to the
phenolics, the complexity of the spectra indicated that a yariety of other
compounds were present in the extracts but only a few structures were clearly
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discernible. Characterization of the components vwa again handicapped by the
small quantities of smaples. Aromatic and aliphatic acids and nitrogen con-
taiin compounds were indicated by spectra of ether extracts from runs 3 and 4.
The multiplicity of compounds indicated by the spectra is not surprising since
the substrate, fuel, contains a variety of hydrocarbon types. It is unlikely
that arq one fuel componnt Is present in any signifcant quantity. The
results also suggest, particularly in ru 4, that nowm ce-oxdation occurrode

The culture employea in run "' utilized only n-psraffýns in earlier culture
studies (Section C-b-b). The presence of aromatic acids in the water bottom
suggests either co-oxidation ofm ethyl groupe or axidation of shcrt chainI (C2-Cl0 ) alkyl benzenes.

The neutral extract from run 5 was similar to the extracts obtained
with runs 3 and 4. However, the acid extract yielded substantial qwustities of
crganic acids. The IR spectrum presented in Figue 19 was obtained on a sample
of this fraction and indicated the presence of bensoic and p-toluic acids.
Compounds of this tpe might be anticipated since the test culture utilizes
naphthalene and methyl naphthalenes. This suppirts the obeeavations reported
in Section D-2-b with extracts of evaporated water bottom frin an earlier r2.
In this earlier simple a series of oxidized aromatic compounde'including m-toluic
and bensoic acids were identified by IR and the Mass Spectrophotomter.

d. Observations on Fraction D

During separation of the various fractions from fermentor runs it was
necessary to wash the sludge (bacterial cells) repeatedly with distilled water.
In the static series reported in Section D-l, the water washings were combined
with the water bottom. Since there appeared to be substantial quantities of
material in the water washings obtained with the fermentor series, they were
examined separately as Fraction D. The samples were evaporated to dryross at
1059F. and analyzed in the infrared spectrophotometer.

Comparisons of IR spectra on fractions from the various fermentor runs
indicated that they contained essentially the sam types of material. A typical
spectrum! is presented in Figure 20. It is obvious that the water soluble
materia3s are cellular components as they have essentially the same absorption
bands as Fraction A (Figures 11 end 12). The components were probably released
from the cells as a result of lysis. As pointed out in the first part of this
section, measurable quantities of H2 0 soluble materials were obtained from runs
1 and 2 (Table XXXII). Tn both cases the cells were washed repeatedly with
dit 5illed water.
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e. Observations on Fraction I

Sludge components soluble in n-haxane were analyzed in the infrared
spectroph ncmater. Representative spectra are presented in Figures 21 and 22.
The first spectrum (Figure 21) is representative of the hexarm soluble obtained
when pure hydrocarbons were employed as the substrate. Bands assigned to
esters are prescAt at 2.8, 5.72, and 8 to 9 microns. This material is probably
cellular lipids extracted by the n-hexane.

The 3pectrum in Figure 22 is representative of fractions, including
those fr•m interface sludge, obtained from systems employing CITE fuel. In
contrast to the first samples from runs 1 atd 2, the hexane soluble materials
obtained from runs 3, h and 5 were primarily free organic acids. There are
some faint ester bands present, indicating at least trace quantities of these
materials. Bands assigned to aliphatic acids are present at 5.8 and 10.75
microns. In addj'ticn, bands assigned to aromatic structures, probably
phenolics from the fuel, are present at 6.25 and 7.75 to 7.8 microns. Widening
of the band at 3 to 4 microns also suggests phenolics.

Differences noted in the chemical naturwe of n-hexare solubles from
cells grown on pure hydrocarbons and from cells grown on CITE fiel are difficult {
to explain. With tha pure hydrocarbons it is likely that the conditions favored
the production of cells, C02 and H20, without the accumulation of intermediate
oxidation products. The substrate was probably limiting in these runs. However,
in the fuel runs there was an excess of substrate. Also there vas a chance for
co-oxidation which did not exist in the pure hydrocarbon systems. Thus it would
appear that the major difference between the two systems was the accumulation
of prodcicts. This observation is substantiated by the fact that only the water
bottoms (Fraction C) from CITE fuel runs contained organic acids and other
oxidized proctucts.

The presence of organic acids in association with the cells is
somewhat unusual. It would appear that the acids are present on the surface
of the cells since they were readily extracted by the hexane. Undoubtedly,
the acids would be involved along with the cells in stabilizing the emulsions
which form in fermentor runs with fuel. There is also the poss!bility that
the acids had poor solubility in the water washes and were centrifuged out
with the cells. This point was noot resolved.
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3. n=Tetr.ad6canm Series

A static test se:ies wa3 set up in gallon bottles with two fungalIc•.urv., Inozula IV and VII, employing n-totradecane as the substrate, This
series was set up to produce a large quantity of fungal Vmcelium or sludge for
analysis and comparison with bacterial sludge from. the fermentor runs. Details
of the test series are presented in Appendix N. Contents of the test units
wertc collected and fractionated according to the procedures outlined in

S~Appendix E.

Fractions obtained and their weight percentages.0 are presented ii-
Table XXVII. Sludge yields from the two series were essentially the sawe.
The most significant difference between th? two cultures was the large per-
cottage of tri-Rolvent and hexane soluble raterial extracted frorm Inoculum 1V
sludge. Only trace quantities of materials soluble only in n-hexarn (Fraction E)
were dbtairnd.

Elemental analysis of the insoluble sludge, Fraction A, arb presented
in Tables XE]IT and XXIX. The following ampirice. formuu ae based on these
data indicate that the sludges were not appreciably uL1-farent from other
laboratory samples and the field sample reportFd in Section E-1.

Inoculum, IV -••H880,•NSP

In general, there does not appear to be anry oigiificant differences in the
elemental analysis of bacterial cellB ýdee Section D-2-a) and fungal mycelium.

Infrared spectra obtained in the insoluble residue (Fraction A) from
Inocula IV and VII units were essentially the same. The spectrum of material
from Inoculum IV is shuwn in Figure 23. In Stntral, this spectrum is similar to
many obtained on samples of sludge from the laboratory and field during the course
of this investiQatlon.

Analysis of the tri-solvent soluble materials (Fraction B) indicated
that the main components of the fraction obtained from Inocul=m VII were inorganic.
Fraction B from the Inoculum IV spri's, however, contained cellular compormnts
(Figure 2L). Bands associated v cellular proteins and carbohydrates arepresent at, 3, 6, and 9-10 microns. Hydrocarbon bands are also present probably

due to residual n.-tetradecane.

Qualitative analytical data obtained on the water bottoms (Fraction C)
are presented in Table n . No volatile components were obtained with the
distillation procedures. However, materials were obtained from the water bottoms,
after distillation, by ether extraction under both acidic and basic conditions.
The fractions were analyzed by !R absorption techniques. Exmcination of the
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TABLE XXXVIII

Elemental Analysis of Microbial Sludge (Fraction A)
n-Tetradecane Series

Percent

Element Inoculum IV Inoculum VII

Carbon 43.63 43.19

Hydrogen 6 52 5.42

Oxygen 35.OO 34.00

Nitrogen 7.89 4.06

Phosphorus 2.27 1.89

Sulfur 0.60 O.54

Sodium 0.25 1.16

Potassium 1.40 1.01

Ash 12.20 lo.95

% Recovery 109.76 102.22

/1
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TABLE XXXIX

(1)
Emission Spectrograph" Metal Analysis

of %b-crobial Sludge Ash
n-Tetradecane Series

Relative
C~nceiltration Inocullm iV Inoculum VII

Major Na Ca
Ca P
F

Minor Si Na
Fe

Trace Cu Si
A! Al
Mg Fe
Pb Cu

(1) 1.5 Meter Grating Emission (uantograph, Applied
Research Laboratories Instrument,

L
-121- *°

.Ti

-[I



4 Mb4

-122-

H

I U

_____ __ C

• . ,• o

-122-



iS I

_ _ _ _ _ _ __ _ it
I~~~r _ _ _ _ _ _ _ _ _

FC
I I4

-323-



TABLE XL

Surmirization of Analyses for Non-Protein and Noi,-Carbohydrate
C_•p..nen's cf Water Bottoms (Fraction C-) n-Tetraderariae Series

Ana .ti'-l Procedure inoculum IV Inozu]up. Vll
Volatils Neutrala

Analys s of distillate

Di'ctiomate Test

Volatile Acids
Analysis of Steam dist:11ate

Titrable Acidity

Ether Extractables, Non- e(2

Volatile Neutrals
(TI Analysis)

Ether Extrac zbleE, Non- + +
Vola tile Acids
(IR Analysis)

(1) - = Negative test, no vCJA tile or extractable organic compounds
dete ,ted.

(2) + - Positive test for volatile or extractable orwanic compounds.

II
I.



spectra revealed absorpti.on bands assigned to a variet. vf structures i'ch•-• •
major bands assigned to amides, acid c&rbonyl and I vd•-rrbons. 1;-pectry, ...
on the ethar extractAbles from the Inoculum IV strees exa- shot in Fij.v'•n; 5
and 26. Spe-tra on the Inocula VII samples were e '.11.r and thforv we. ot
included. Ii would appear from the variety of structures preseri t110 thB Cther
solubles are rigment. or cellular compoYEJnti. Y'bile abeorptiori "oa:de •ig,•.J
to organic acids arc present, it doer not apuai" that they are a;.• v ns
might be uxpected. The strong band at I0.75 micnnis which i-a -ujurcJ aj;,lcP 'd
with aliphatic acids is no. prosent. Aliphatic acidsi would Lc ex ,'ted ',
degradation of the tetradecaine was incomplete. However, the prosbnre jl bm-.dn
assipi~ed to rdItrogen containing structures tijnds to suppor'ý the ,-on•¢]•io'n that,

these materials are pigwents or cellular components.

SHexane soluble sludge components (Fraction E) from Inocn.,a ','' and VI-I

appear to be cellular lipids. The matei-ial from inocu!urn IV that va.s seouble
in tri-solvent and n-hexmno was identical to Fraction E. Figure 27 As the .tR
spectrum obtained on this fraction. Ester bands are present at 5.72 and 8 to 9
microns. Hydrocarbon bands, probably representing residual n-tetradecane, are
also present.
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E. Analysis of Sludge Samples from the Field

To complete our investigation of microbial sludge it appeared desirablc
to have samples of niaterial from the field to compare with laboratory preparations.
Since such information is nct generally available in the literature, analysis of
sludge samples from, the field were undertaken. Two samples were selected for
detailed study. One sample (fllX-O-32,115) was obtained from a emall diesel
fuel storage tank that had been out of service for several years. The other
sample (800YCT-01-26,160) was a diesel fuel filter which appeared to be partially
plugged with normal fuel oxidation products. Each sample was fractionated in the
same manner as sludge from laboratory test systems.

A sample of water bottoms from a CITE fuel storage tank was provided
by the Natick Laboratories (Army Shipping Document, Voucher So. h2l-? 6 t
for analysis. ?relaii.,zieuy euamisiaaun indicated tnat tne sample was atypical,
being highly contaminatzd with rust, dirt and other unidentified materials of non-
biological origin. Therefore, detailed analyses were not undertaken.

1. Analyses of Sample No. llIX-0l-32,115

Microscopic examination of this sample revealed the presence of typical
fungus nrcelium and bacterial cells. Culture studies indicated that only a few
of the microorganisms present wer. stll viable. Detailed analyses of the sample
were made and the results are presented and discussed below.

Weight percentages of the various fractions obtained are presented in
Table XLI . The major liquid portion of the sample was fuel. Only a trace of
free water was present. This was dv-, to the fact that the sludge was collected
on a filter during tank cleaning operations. A substantial quantity of water
soluble materials (Fraction D) was obtained from the sludge while only a small
amount of tri-solvent soluble raterials (Fraction B) was extracted. Since this
is a field sample one would normally expect to find more fuel oxidati on productse

Results of elemental analysis of the insolible residue, Fraction A, are
presented in Tables XLII and XLIII. An empirical formula of C5lH84020NsP was
obtained, A comparison of the element content of the various sludge samples will
be presented later in this section. It should be noted that this sludge sample
contained a substantial quantity of iron oxide. This is t-pical of samples from
the field and is the reason iron was included in earlier stoirage tests.

Infrared analysis of Fraction A (Figure 28) indicated that it was
essentially the same as materials obtained from laboratory studies, particularly
in the static series with Inoculum i. Some similarity was also noted in the IR
spectrum of Fraction B (Figure 29) from this field sample and the spectrum of the
same fraction from the static series with Inoculum I. These observations confirm

that the sludge produced in the laboratory systems can be expected to form in the
field. We have also obtained spectra similar to the one in Figure 28 on other
samples from the field which were subsequently found to contain microorganisms.
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1+ TABLE XLI

Gravimetric Decerminations on Diesel FPel Sludge
I Sample No. 111X-01-32,115

Fraction Weight in Grams

Total Sample 162.4

Oil Fraction (including hexane
soluble material) 126.8

A - Insoluble Residue 15.6

B - Triple Solvent Soluble 0.3

D - Water Soluble Material 10.8

% Recovery - 94.5

1i

F 10

L

U
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TABLE MLII

Elemental Analysis of Fraction A Obtained from Fi61d Samples L

Percent Present 1,
Sample Number

F1-ent. IIX-OI-36•115 6OWY-Oi-2L,160 I

Carbon 37.06 63,80

Hydrogen 6.20 7.30 L
Oxygen 27.h0 13.70

Nitrogen 5.70 2.60

Phosphorus 2.25 O.Oh 00

Sulfur 0.30 1.90

Sodium 0.13 0.52

Potassium 0.20 0.06

Ash 154.t7 (5.6% Iron) 5.90

95.82

-1 i
-
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r TALE XLIIII .
Emission Spectrograph Metal Analysis of Fraction A Ash

Fi- eld Samples -

I
Relative Sample Number

Concentration 11]X-01-32 11ii 8000Y-01-26, 160

Major Fle Zn
Fe

Minor B Si
Zn Mg
K
"Cr

* Cu

Trace Pb Si
Mn Mnj Al Cu
Sn Mg
Ni N4

Ca Al

* 1.5 Meter Grating Emission Qqantograph, Applied Research

Laboratories Instrntenr.
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2. Analyses of Sample No. 800Y-Ol-26,160

Sludge produced in laboratr.-y cystems and sludge :from the field
(Sample No. IIlX-01-32,115) have been analyzed and the various components
characterized. Unfortunately, in the laboratory systems normal chemical [
oxidation products (fuel sludge) did not form. This vas apparently due to
the excellent stability of the fuel used. Since one objective of this progra=
was t o compare microbial sludge with fuel sludge, a filter which was partially
plugged with diesil fuel oxidation products was obtained and analyzed.

The filter element was cut in small pieces, extracted with n-hexaAe to
remove fuel, dried, and extracted with tri-solvent for t'ree days in a Soxhlet
Extractor. The tri-solvent was evaporated off and the residue obtained was
washed with n-hexane anti water. Only the material insoluble in hexan miad water,
and solubl in the tri-solvent, was analyzed. However, there appeared to be a
trace of water insoluble inorganic material present in the tri-solvent soluble
fraction despite efforts tc eliminate it.

Infrared analysis of the tri-solvent soluble fraction, fuel sludge, -.
indicated that the material is significantly different from microbial sludge.
The spectrograph obtained is presented in Figure 30. In. Zc-neral, the spectrum
resembles the one obtained on the CITE fuel sludge (Figure 2). Careful examina- U
tion reveals that the amide band (5.9 microns) which is characteristic of
ricrobial matter is missing. Also, a C-N band (6.25 microns), a hydroxyl band -
(3.0 microns) and an acid carbonyl band (5.8 microns) are present in the fuel
sludge spectrum but are not normally found in spectra of microbial sludge.
The sharp band between 9 to 10 microns which is characteristic of microbial
sludge is present in the fuel sludge spectrum and is apparently due to inorganic i
sulfates and phosphates. Bands at 6.3 microns and in the 13.5 micron range
indicate that the fuel sludge contains some aromatic components.

In general, the spectrum obtaines, on the sludge is typical of the
normal oxidation products ueually found in fuel systems. However, it should be
pointed out that chemical oxidation products vary depending on the crude oil,
refining and blending procedurer, 6nd the additives used.

Elemental analyses of the sludge are presented in Tables XLII andnin~. These analyses indicate that the fuel sludge is considerably different

chemically than the microbial sludge. The most significant differences in the
two materials are their relative phosphorus, nitrogen, and oxygen contents. There
is a lOO-fold difference in tie carbon to phosphorus ratios in the two materials-

Fuel Sludge (8000Y-01-26,160) 1600:1 C:P
Microbial Sludge (11X-01-32,115) 16:1 C:P

An empirical formula of C2 8H3 8 05 N was obtained on the fuel sludge compared to
C8HI504N on the microbial sludge sample from the field (1111-01-32,115). The oxygen
and nitrogen content of the fuel sludge is lower than that of the microbial materiala
These same differences are apporent when the C, H, 0. N and P content of fuel sludg4
is compared with that of microbial sludge from laboratory systems.
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F. Metpbolic Intermediates in •rdrocarbon Oxidations

To elucidate the metabolic pathways involved in the microbial utiliza-
tiorn of hydrocarbon fuels wider aerobic conditions, pure cultures and purified
hydrocarbons were employed. Because of the complex nature of fuels, possible
interreactions and synergistic effects, studies with mixed cultures and fuels
were not undertaken. We are of the opinion that results from such a study would
be difficult to interpret and would therefore be of little help. Also appreciated
is the fact that data obtained with defined systems ,iust be considered w-th some
reservation.

The approach emplcyed to establish intermediates in the oxidation of
various hydrocarbons was based on Stanier's theory of "Simultaneous Adaptationw.(*)
Cells grown on a particular hydrocarbon were tested in the Warburg respirometer
for their ability to oxidize a suspected intermediate. According to Stanier's
theory, a compound can be considered an intermediate if it logically fits into
the proposed pathway and is readily oxidized by the organisms. Any delay in
oxidation of a compound is considered indicative of an adaptive system, and the
compound is therefore excluded from the pathway. However, discretion must also I
be used her^ since solubilit, permeability, and toxicity problems may be
responsible for the delay. Solu)ility and toxicity problems may be overcome by
the use of several different substrate concentrations. The problem of permeability
has not been completely solvecI; however, the use of dried cells has been suggested
as a solution.

1. Inoculum II on n-Octane

Preliminary studies with octane grown cells (Inoculum II) indicated
that octanoic acid is an intermediate product. Results of a typical Warburg run
are shown in Figure 31. The octanoic acid was actually utilized at z. more rapid
rate than the n-octane. This is probably due to several factors; namely, .)
octanoic acid is more water soluble than octane, 2) octanoic acid may be trans-
ported across the cell membrane more readily than tim hydrocarbon, 3) the
initial oxidation of octane is probably limiting, and 4) the concentration of
n-octane used may be inhibitory.

To test the concept that the hydrocarbon was inhibitory, various
concentrations of n-octane were checked in the Warburg. Figure 32 presents the
results of this study and indicates that there is no apparent inhibition at the
concentrations tested. It appears that n-octane oxidation proceeds at a slow
rate due to some other factor or factors.

(*) Stanier, R. Y. (1907) Simultaneous Adaptation: A New Technique for the
Study of Metabolic Pathways. J. Bacteriology 54, 339-348.
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Figure 31. Oxidation of ootanoic acid and n-octane tby cells grown
i on n-octano.
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Fige 32. The effect of substrate concentration on the oxidation of
n-octane.

Each flask contained 3 ml of a 48 hour cell suspension of
Inoculum I (4.61 mg dry wt. per ml).in 0.02 U phosphate
buffer, PRI 7.0. The center well contained 0.2 .l of 20 %
KOH. Octane was added from the side arm. Temperature
was maintained at 30 0C and the atmosphere was air.
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A second study was made cn the effect of various concentrations of
octanoic acid on oxidation rater.. Heptanoic and hexanoic acids were also
included in this study. From the res,. 0s recorded in Table XLIV. it can be
seen that hexanoic acid was not inh!bitory at the highest concentration used,
150 AM, but that this concentration c both heptanoic and octanoic acins
completely inhibited oxidation. Lcer concentrations of these two acid& were
oxidized at reasonable rates.

2. Inoculum III on Naphthalene

One of the organisms (Inoculum III) isolated from the mixed tank
bottom sample (Inoculum I) utilized naphthalene, 1, 2-dimethylnaphthalere, and
2-methylnaphthalene (Section C-4). In this study an attempt was made to confirm
the degradative pathway(i) of these compounds by observing the oxidation of
possible intermediates in the Warburg respirometer. Unfortunately, only salicylic
acid, of the commcnly accepted metabolic intermediato-4, is readily available.
Coumarin and 1,2-nalithoquinone used in this study are not considered in the
direct pathway of naphthaepe oxidation. Furthermore, the latter compound is
reported to be inhibitory 2 ). _-Naphthol and 2-n p~thol have been implicated in
the pathway but seem not to be generally acceptedM3-. The rate of oxidation of
these compounds by cells grown on naphthalene is shown in Table ILV.

It should be noted that only two compounds, naphthalene and salicylic
acid, are oxidized immediately; all the others were oxidized after approximately
a 30-minute lag. Based on the "Simultaneous Adaptation" concept, only salicylic
acid should be considered in the pathway. However, it is of interest that 1,2-
naphthoquinone exhibits its known inhitition only after 30 minutes. This,
therefore, suggests the possibility that solubility and permeability problemsmay cause the lag and that some of the other compounds may be intermediates.

Also, the cells used 1n this study had a rather high endogernous rate.
Although they were washed 3 times in buffer, it might be hypothesized that it
took 30 minutes for the naphthalene adsorbed on or contained in the cells to be
utilized before the other compounds were oxidized. This might infer that the
site of salicylic acid oxidation is different than that of the other chemicals.

While these data do not establish the exact metabolic pathway for
naphthalene oxidation, they nevertheless indicate that salicylic acid is an
internnediate.

(1) Davies, J.I. and Evans, W.C.. 1964. Oxidative Metabolism of Naphthalene
by Soil Pseudomonads. Biochem. J. 91, 251-261.

(2) Murphy, J.F., 1953. The Bacterial Dissimilation of Naphthalene.
* Ph.D. Thesis8 Pennsylvania State College.

(3) Klausmeier, R.E., 1958. Microbial Oxidation of Naphthalene.
Ph.D. Thesis, Louisiana State University.
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TABLE XLIV 1A

The Effect of Substrate Concentration on the Rate of
Oxidation of Hexanoic, Heptanoic and Octanoic

Acid* by n-Octane Grown Cells

Ii

Oxidation Rate (1L0 02 RUtake/fin.)

pM of Acid* Hexanoic Heptanoic Octanoic

10 1.4 1.0o 1.36

50 1.64 1.34 1.64i
100 1.71 0.96 1.22

150 1.7T4 0 0 P1

Each flask contained I ml of a 4e hour cell suspension

of Inoculum II grown on n-octane (4.61 mg dry wt/ml) in
0.02 M, pH 7.0 phosphate buffer. The center well contained
0.2 ml of 20% KOH. The acid salts were added from the side
arm. The temperature was maintained at 309C. Air Atmosphere. [ I

Sodium salts of the various acids were employed to prevent

drastic pH changes and to minimize solubility problems. [j
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I-TA E XLY

Rates of Oxidaticm of Various Compounds
Associated with Naphthalene Dissimilation

)L_P2 Consumed/lin.

Naphthalene (6 )X) .65

1,2-Dimethylnaphthalene (6 )iM) .47 *

2-Methylnaphthalene (6.pM) .50 *

l-Naphthol (3.5 pM) .85 *

2-Naphthol (3.5 PM) .81 *

Salicylic Acid (6 pM) 1.74

Coumarin (6 pM) .29

1,2-Naphthoquinone (3.M) -. 82 *

Each Warburg flask contained 3 ml of a 2h-hour cell suspension
of Inoculum III grown on naphthalene (5.89 mg dry wt./ml) in
0.02 M phosphate buffer, pH 7.0. The temperature was maintained
at 30*C. The center well contained 0.2 ml of 20% KCH.
Air 4taosphere.

(*) Exhibited a 30 minute lag.
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3. Metabolic Inhibitors

Evidence was presented by Blanchard and Goucher(*) which indicated L
that certain olefins are inhibitory to the oxidative processes of some fuel
organisms. They did not mention the possibility that this inhibition uight
provide useful information on mechanisms of microbial oxidation of Ldrocarbon [
fuel components and the degree of susceptibility of various fuels to micro-
organisms. These studies were apparently m-de with organisms which preferentially
utilized paraffin components of jet fuel. For these reasons we initiated a study
employing cultures which oxidize different hydrocarbon types (Inoculum II,
n-paraffins, and Inoculum III, naphthalene and methyl naphthalenes). Pentene-I
and hexene-l were employed as inhibitors. [1

Because the inhibitors are extremely volatile, it was necessary to
dissolve them in C=A% fuel. This reduced the amount of volatilization and
facilitated :wasureen,. of pressure changes in the Warburg flasks. Also, since
CITE fuel cont.ains relatively large quantities of octane but essentially no
naphthalere, it was necessary to add naphthalene to fuel used with Inoculum III.

Results of the Warburg studies are shown in Tables XLVI and XLVII.
It should be not-d that in both cases the olefins inhibited oxygen uptake. How-
ever, they cow-pletely inhibited oxidation by the octane grown cells, including
the endoger.ous, (Table XLVI) , while only oxidation of the naphthalene Ly
Inoculum III cells was inhibited (Table XLVII ). Two possible explanations for
this effect are 1) the differential permeability of the cells for the inhibitor,
and 2) differences in the sites of oxidation of the hydrocarbons or intermediates.

It might also be noted that the rate of oxidation when both CITE fuel
and naphthalene were present was less than that of naphthalene alone, but more
than that of CITE fuel. The reason for the latter observation can be explained
by the fact, as mentioned before, that the amount of naphthalene is limiting in
CITE fuel. However, the reason for the observation that naphthalene alone caused
an increased oxygen consumption relative to that of CITE fuel with added naphtha-
lens (5.0 to 3.1--.\ 02 consumed per minute) may be due to an inhibitor present
in the CITE fuel or to a difference in the availability of the naphthalene when
it is dissolved in fuel. Subsequent studies did not resolve these points.

(*) Mechanism of Microbiological Contamination of Jet Fuel and Developmt
of Techniques for Detection of Microbiological Contamination.
Quarterly Progress Reports NKo. 4 and 5 prepared under Contract No.
AF 33(657)-9186 for the Air Force Aero Propulsion Laboratory Research
and Technology Division, Wright-Patterson Air Force Base, Ohio, byMelpar, Inc., Falls Church, Va. Authors G.C. Blanchard and C.R. Goucher.
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r TABLE ILVI

The Effect of Pentene-1 and Hexene-1 on the
Rate of Oxidation of CITE Fuel by R-Ocaee Orus Cells

i
jIL 02 Consw /d•.in.

Endogenous 2.6 *

CITE Fuel (1 ml) 2.5 *

CITE Fuel (1 ml) + 0.5 ml Pentene-l 0

CITE Fuel (1 ml) + 0.5 ml 1lexene-l 0

Each Warburg flask contained 1.5 ml of a 48-hour cell suspensio
of Inoculum II grown on n-octane (3.02 mg dry wt./ml) in 0.02'5
phosphate buffer, pH 7.0. The center well contained 0.2 ml of
20% KOH. Temperature was maintained at 30OC. The results were
corrected for pentene-1 and hexene-1 volatility but not for
endogenous. Air atmosphere.

(*) These rate figures were obtained from the linear portion of
the curves. In the case of the end,'ogenous, the rate dropped

substantially after the first 30 minutes, while the CITE fuel
units continued at essentially the same rate until the run
was discontinued.

I



- - ----~- --~----=-.- -

TABLE XLVII

The Effect of Pentene-1 and Hexens-1 on the
Rate of Oxidation of CITE Fuel and Naphthalen I
by Naphthalene Grown Cells

pyL &2 Consumed/Min. [

Endogen~ous 1.4

CITE Fuel (1 ml) 2.4" I
Naphthalene (100 mg) 5.0

Naphthalene (100 mg) + CITE Fuel (1 al) 3.1i

Naphthalene (100 mg) + CITE Fuel (1 ml) + 0.5 ml Pentene-I 1.5 [
Naphthalene (100 mg) + CITE Fuel (1 ml) + 0.5 ml Hexene-1 1.7

L

Each Warburg flask contained 1.5 ml of a 24-hour cell suspension of
Inoculum III grown on naphthalene (5.89 mg dry w'ý./ml) in 0.02 M4
phosphate buffer, pH 7.0. The center well conta:-Lned 0.2 ml of 20%
KOH. Temperature was maintained at 300 C. The reeults were corrected
for pentene-l and hexens-1 volatility but not for endogenous.
Air atmmphge.
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IV. Recommendations for Future Studies

1, The effect of microorganisms on the quality of other more coamomy
used fuels should be investigated.

2. A more detailed investigation should be made on the mechanisms
involved in the microbial utilization of hydrocarbon fuel
components. Emphasis should be placed on the determination of
factors, including structural characteristics, which influence
the rate and degree of attack.

3. The relative importance of microorganiams in the corrosion of
ferrous metals should be investigated. An effort should also be
made to determine the association of corrosion products with fuel
contamination and microbial sludge problem.

4. A more practical investigation should be made to evaluate v•ious
means of controlling microbial growth in fuel systems, includin
the use qf biocides, filter devices, etc.
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I- APPEIDIX A

RP-_ Storage Tests

Container: One pint, soft glass, F~rench square sample bottles ste.1lized
in a dry oven at 170 C for four hours. Bottles were capped with aluminum

- foil during the sterilization process. Plastic screw caps with aluminum
liners were. sterilised separately by autoclaving at 15 psi for 20 minutes
(Il°C).

j Fuel: HP-7 fuel supplied by U. S. Army Natick Laboratories (Voucher No.
M--63) was sterilized by filtering through a 0.45 micron Millipore filter.
Approximately ho0 ml. of the sterilized fuel was added aseptically to each
test unit after the water bottoms had been added.

Water bottoms_: Sea water, tap water, salt solution and inocula were added
to the bottles to give a total of 20 ml. water bottoms. The units were
set up in triplicate according to the following table.

Test Sea Tap 2 Active Sterile Salt steel RF-l
Series Water' Water 2  Inoculum3 Inocuiuas Solution- Wool Fuel

I 10 mi. 9 Mi. 1mlM. + 400 ml.

II 8 mi. 1 ml. Il. Mi.

III 9 mi. 1 ml.

IV 8 mi. 1mM. I Mli.

V a 9mi. Iml. +

VI 8mi. 1Mi. 1ml. +

VII " 9ml. Iml.

VIII " 8 m. 1 mi. 1mM.

IX -- No Water----- +

X -- No Water-----

I Footnotes

1. Natural sea water from the Atlantic Ocean was employed in these tests.
The water was aged several months before use. It was sterilized in a
pyrex container by autoclaving at 15 psi for 20 minutes(121 0 C). The
"sea water contained 0.6 pm nitrogen, 0.03 ppm phosphorus, and 20,200
ppm chloride ion.

-147L

i[



APPENDIX A (Cont'd.)

2. Tap water used in the tests was sterilized in a pyrex container by
autoclaving at 15 psi for 20 minutes (1210C). Thiewater is purified
Lake Michigan water having a total hardness of approximately 125.

3. The active inoculum consisted of a composite of contaminated water
bottom samples collected from a number of bulk fuel oil storage tanks
Just prior to cleaning. The composite was diluted with an equal volume
of distilled water before use. An estimated 1,000,000 bact4rla, yeast,
and fungi were present in the diluted bottoms. Sulfate-reducers were
also present.

4. A portion of the above mentioned tank bottom composite was sterilized
in a pyrex container by autoclaving at 15 psi for 20 minutes (l21C.).

5. Salt szlution used to supplement the nitrogen and phosphorus in the
water bottoms contained 40 mg. NH4NO mg. rag. NaH2 1Vh.H2 0 iandtiOrg.

of phQbphorus. The final levels of nitrogen and phosphorus in the
20 ml. of water bottoms were 700 and 580 ppm respectively.

6. A small ball of steel wool was added to the respective units. The
steel wool was rinsed with benzene and then with acetone to remove
rust inhibitors and residual oil. It was sterilized in a dry air
ove~n at 1'00C for four hours.

For comparative purposes, three units 4ere set up as in Series I! with
commercial je t fuel (Kerosine) substituted for the RP-l fuel.

Storage Conditions, All units were stored at 300 C in the dark with caps
loose to permit air exchange.

Sampling: All units were sampled at 2 week intervals over a period of 8
weeks. Since all tests were set up at the same time, only one inoculated
series was sampled initially. The pH of the water bottoms was checked
initially and at the end of the 8 week period.

Microbiological Analyses: One tenth ml. of the water bottoms from units
in series I throuh-ý-)V was added to 9.9 ml. of sterile distilled water
to give an initial dilution of 1:100. TGE and Sabouraud agar plates were
streaked as dcscribed in Appendix C. The remaining series were checked
for sterility by adding 0.1 ml. from each replication in a series to 20 ml.
of nutrient broth.
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[ APPENDIX B

Microbiological Media Employed

I Sabouraud Maltose Agar (Difco)

Neopeptone 10 g.

Maltose 4 g.
Bacto-Agar 20 g.*
Distilled water 1000 ml.

Plate Count Agar (TGE)(Difco)

Bacto-Tryptone 5.0 g.
Bacto-Yeast Extract 2.5 g.
Bacto-Dextrose 1i0 g.
Bcto-Agar 20.0 g.*

j Distilled water 1000 ml.

Nutrient Broth (Difco)(Modified)

Nutrient Broth Difco 8.0 g.
Dextrose 1.0 g.
Yeast ExtrAct 2.5 g.
Distilled water 10O0 ml.

I.
Twenty ml. aliquots dispensed in h oz. bottles prior to
sterilizing at 15 psi for 20 minutes. pH 7.0 after sterilization.I

The usual Agar content is 15 g. per liter. More (20 g)
was used in these tests to stiffen the culture media and

i facilitate streaking.

A.-
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Mineral Salts Solution

Na 2 Po-H 2 0 1.00 g.
K2HPO4 2.00 g.
hNH4 N03  2.00 g.

MgS0h'7H2 0 0.30 g.

MnCl 2 .4 H20 0.01 g.
CaC0 3  0.01 g.
FOS04" 7 H2 0 0.01 g.

Distilled water 1000 Mil.

Twenty ml. aliquots in 4 oz. bottles pH adjusted to 7.h before
dispensing and sterilizing at 15 psi for 20 minutes (1210C).

Ten Per Cent Sea Water Solution

Natural Sea Water(l) 100 mi.
Tap Water (Chicago) 900 ml.
NHhNO3  2 gm.
NaH2P04"H 2 0 1 gin.

K2HPO1  2 gin.

The solution was adjusted to pH 7.4 prior to sterilization.
Alipixots were dispensed as desired and the solution steam
steeilized at l psi for 20 minutes.

Fuel or hydrocarbon substrates were added to the solution
after sterilization. The indii'dual fuels and hydrocarbons
were sterilized separately by filtration through a 0.45 micron
Millipore filter.

Agar plates containi!.g a n-paraffin mixture (Appendix G) were
prepared by adding 2% Difco agar tc the above solutions prior
to sterilization. After sterilization, and while still hot,
2% hydrocarbon was added and the medium was passed through a
hand homogenizer (E. H. Sargent, No. S-61615) directly into
sterile Petri dishes.

(1) Natural sea water obtained from the Atlantic Ocean.
The water was aged several months before use. It
contained 0.6 ppm nitrogen, 0.03 ppm phosphorus, and
20,200 ppm chloride ion. H

15i
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APPENDIX C

p d. Dilution Streak Technique

A standard platinum loop is used to deliver and spread 0.01 ml. of samiple
or appropriate initial dilution evenly over the upper half of the a ar" plate (Figure 1, A). The loop is then flamed (heated until glowing),

cooled, and a diagonal streak approximately 5 cm. long is made with thi
flat of the' loop through the inoculated half of the plate. The material
picked up is spread evenly over the lower right quadrant of the plate
(Figure 1, B). The loop is again flamed, cooled, and a streak made across
the lower quadrant into the remaining quadrant. The material so col-
lected is spread evenly over the last quadrant (Figure 1, C). The plate
is then incubated for 24 to 48 hours at ambient temperature or it 30 to
35*C. depending on available facilities or the type of organisms involved.
Longer incubation perIc-s may be employed for the detection of fungi.

It is necessary to cool the loop in sterile water between streaking steps
because it is made of heavy gauge wire and cools slowly. Fbur ounce
French square wide mouth bottles are excellent containers for the sterile
water.

After incubation, plates are read quantitatively by a scale such as that
shvwn in Figure 2 which is based on an undiluted sample. The scale will
obviously vary with tChe initial dilution employed.

The number of organisms present may only be estimated to the nearest whole
or half log1 o. Examples of dilution streak plates employing undiluted
samples are shown in Figure 3. The last quadran'l of each plate, in this

* case will determine the estimated number of organisms per ml. Plate A
has less than 10 colonies in this quadrant and -IOO in the opposite section;
therefore, the count is estimated at 10P or 1,000,000 per ml. In Plate B
the last quadrant has 10-100 colonies and more týaý 100 in the opposite
section; therefore, the count is estimated at 10"'• or 5,000,000 per ml.
The use cf exponents is quite handy but may result in soae confusion as
a result of using "half logs." "Half logs" in this case indicates a
value half that of the next whole log as the count estimated for Plate B.

Care must be taken to avoid overlapping the various sections of the plate
while streaking. Also, particular care must be taken to avoid contaminating
the sterile water used to cool the loop. As in all bacterial counting
procedures, the technique is only as good as the inoculum employed. The
sample should therefore be shaken vigoroutly so that a representative inoculum
may be obtained.

--5l-
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APPENIX C (C=049d)

Numb~er of Number of
Colonies Observvd Organism per

In Secton a! O.LpApi4L

*1-10 10C0or 102

*10-100 lo100 or 103

100-1000 10,000 or 10k'

"'100 in Section to Right, P2.umi "'1000 in Section Above, Mats
Estimated Estimated

Colonies Nwnber/m1 Colonies Numrber/.

1-10 lp1,000000 or 106 1-10 100,000 or

>100 in Seotion to Right, plMss 10-200 !;00,000 or

Colonies Number/me

10-100 - ,OO0,000 or 106--

Sc~ale fot: ,&4,mmAtnn N- or g•'2OManja per- al go Ser~l~g a~utIon t dPae
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CT APPMIX D

NCITE Fel Storag Tests

Containers: t "•-- A - One pint, soft glass, French square bottles containing
ýWTof CITE fuel were steam serill zed at 15 psi for 20

minutes (2480F). Twenty .l of water bottoms were added after the units had
cooled to room temperature.

GroupB - One gallon lug type, uncoated, steel containers, 61
inches in diameteFrand 7-1/8 inches high (see Figure 1), were filled with 1
gallon of CITE fuel and steam sterilized at 15 psi for 20 minutes (248*F).
After the units had cooled to room temperature, 100 ml of water bottoms was
added.

Water Bottoms: Sea water, tap water, salt solution and inoculs were added
to the bottles and steel containers according to the fol-

lowing table. All units were set up in triplicate.

[" Group A (Glass Bottles)
(Contents in ml.)

Sea Distilld Tap Inoculum4 Salt CITE
Series Water 1  Water' Water 3 Active Sterile Solution5 FIaee 6

1 10 9 1 400
I 10 8 1 1

111 19 1 'IIV le 1 11
V 10 9 1
VI 10 8 1 1
VIi 19 1
VIII 18 1 1

Ix
Group B (Steel Containers)

(Contents in ml.)

I 50 45 51 igallon
11 50 40 5 5

5 ~5

VI 50 4551

VII 955VflI 90 5SVIII 90 5 5

S(See following page for footnote references)
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Footnotes:s

(F) Natural sea water from the Atlantic Ocean was employed in these tests.i
The water was aged several months before use. It was sterilized in a
pyrex container by autoclaving at 15 psi for 20 minutes. The sea water
contained 0.6 ppm nitrogen, 0.03 ppm phosphorus, and 20,200 ppa chloride ions.U

(2) Distilled water was sterilized in pyrex as described above.

(3) Tap water used in the tests was sterilized in a pyrex container as described
above. This water is purified Lake Michigan water having a total hard-
ness of approximately 125.

(4) The inoculum employed was a composite of contaminated water bottom samples
collected from a number of buiL fuel oil and kerosine storage tanks. The
composite was diluted wi.•h an equal volume of distilled water before use.
An estimated 1,000,000 bacztea, yeast and fungi were present in the diluted U
composite. Sulfate-reducers were also present. A portion of this mater-
ial was sterilized as described above for the sterile control units. f]

(5) Salt solution used to supplement the nitrogen and phosphorus in the water
bottoms contained 40 mg. NH 4NO 3 , 20 mg. NaH2 PO 4,HN', and 40 mg. K2 HP0 4
per ml. of distilled water, or 1.4 mg. of nitrogen and 11.62 mg. of
phosphorus. The final levels of nitrogen and phosphorus in the water
bottoms were 700 and 580 ppm respectively.

(6) CITE fuel was supplied by U. S. Army Natick Laboratcries, (Voucher No.
3050-63) and was reportedly prepared according to Military Specification
MIL-F-45121A dated 20 May 1960.

Storage Conditions: All units were stored at room temperature (75-80BF.) I
with caps lopse to permit air exchange. Glass ur-ji,,

were stored in the dark to prevent changes in the fuel catalyzed by light.

Sampling: All units were sampled at 2-week intervals over a period of 8 U
weeks. Two additional samples were collected at U-week intervals.

1he overall storage time was 16 weeks. Since all tests were sot up at the
same time and in a similar manner, only one inoculated series was sampled
initially. The pH of the water bottoms was checked initially, at 8 weeks 1
and at the end of 16 weeks. Profile samples were collected from the steel
containers to permit visual observations of the fuel and water bottoms. This
was accomplished by employing sterile pyrex glass tubes approximately 12
inches in length and 10 mm ID. The tubes were used like pipettes and the
large diameter tubing provided a relatively undisturbed proftle sample. The
tubes were carefully discharged into iterile screw cap test tubes for examina-
tion and photographing. Vigorous shaking of the tubes followed by a period
of settling was used to observe emu~lsification tendencies.

-156 - 1
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Microbiological Analyses. One tenth al. Gf the water bottom from units
in seriea I through IV, both Test A and B, was

added to 9.9 ml. of sterile distilled water to give an initial dilution of
:I100. Difco Plate Count Agar (TOE) and Sabouraud Maltose Agar were streaked

as described in Appendix C, to estimate the numbers of viable microorganism
present. The remaining units in both Test A and 8 were 0heeked for sterility
by adding 0.1 ml. from each replication in a series to 20 ml. of Nutrientj Broth. Media employed are presented in Appendix B.
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APPENDII E

"I Gravimetric Determination of Sludge

The amount of sludge fonned in glass units without added iron was determined
gravimetrically. Approximately 300 ml. of fuel was decanted from each unit
to prepare composit , samples of fuel for Quality Tests. The remaining 100 ml.
of fuel and the water bottoTJ were filtered, and the amount of sludge present
determined. An outline of 6he equipment and procedures employed follows:

Fquipment: Filter unit comprised of a Coors Porcelain Gooch
Crucible, F-7, with Glass fiber filter paper,
No. 934-AH (R. Reeve Angel and Co., Inc.)

Filtering flasks with side tubes, pyrex.

Glass filter funnels , pyrex.

Solvents: n-Hexane (Commercial Grade)

i Fuel Sludge Solvent: Equal portions of benzene, acetone
( and methyl alcohol. (ASTM Standards of Petroleum Products,

Vol. I, 1961. Appendix XVI, pp. 1204-1207).

Procedure: 1. The remaining l) ml. of fuel in each unit was carefully
decanted and filtered through a tared filter unit. Hexane

was used to remove residual fuel from the pad after the
initial filtration. The filter unit was then washed with
Fuel Sludge Solvent and the extract was transferred to a
tared evaporating dish. The filter unit was then dried
to constant weight.

2. The water bottoms and interface material were filteredS~through another tared filter unit. Several washings with

distilled water were necessary to completely remove all
sediment from the bottles. After the filtration, the
residue was washed thoroughly with hexane, dried and washed

I with Fuel Sludge Solvent. The final extract was added to
the material obtained in the first step. The filter unit.
was then dried to constant weight.

1 3. The evaporating dish containing Fuel Sludge Solvent
extracts from steps 1 and 2 .as placed in an oven to
evaporate the solvciit I- dried to constant weight.

4. The filtered water phase was adjusted to a volume of
100 ml. and e 10 ml. aliquot transferred to a tared crucible.
Water was evaporated and the units dried to constant weight.It

il



APPENDIX E (Cont'd.)

The following materials were obtained employing this procedurs on two units
from each series [

A. Insoluble Material - Insoluble in fuel, water, and bensene-
acetone-iethyl alcohol solvent mixture.

B. Fuel Sludge - Material insoluble in fuel and water but soluble
in bensene-acetone-nethyl alcohol solvent mixture.

C. Non-volatile, water soluble materials and fine particles which
may have passed through the filter pades. 1

I0
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CITE Fuel Additive Evvluation

Containers: The tests were set up in one-pint, soft glass, French square
sample bottles with screw caps. The bottles were capped With

aluminum foil and sterilised in a dry air oven at 170PC. for 3 hours. The
screw caps were sterilized separately in an autocl4ve.

CITE Fuel: Additive-free CITE fuel, Blend 1, was sterilized in bulk in
a sealed stainless steel cylinder by heating at 200F. for

8 hourb. After cooling to room temperature, 400 ml of the fuel were dispensed
aseptically into sterile bottles.

Water Bottoms: Ten percent natural aged sea water, diluted with tap water,
was employed. The active water bottom was prepared by making

a 5% solution of the inoculum in sterile 10% sea water. In a similar manner,
a 5% solution of inoculum in 10% sea water was sterilized by autoclaving at
15 psi for 20 minutes to be used as sterile water bottoms. The pH of both
solutions was adjusted to 7.0 before they were dispensed in the bottles.

Inoculum: The inoculum employed was a 6omposite of contaminated water
bottom samples collected from a nurber of bulk kerosine,

gasoline, JP-4, diesel, and heating fuel storage tanks. The composite was
first diluted with an equal volume of distilled water and them mixed thoroughly
in a Waring blender for 2 minutes. A final 1:5 dilution was made with dis-
tilled water before adding the inoculum to the 10% sea water as describedabove. The finall 1:5 dilution of the inoculum contained an estimated 5,000,000

microorganisms, including bacteria, yeast and fungi. Sulfate-reducers were
also present.

Additives: An appropriate di? .ioi, of each additive was prepared in CITE
fuel, and steam sterilized at 15 psi for 20 minutes. The

additive solution was then added to the 400 ml of fuel in each bottle to give
the desircd concentration (Tables XVI and XVII). After adding the appropriate
dilution to the fuel, the contents of each bottle were thoroughly mixed.

Storage Conditions: All units were stored in the dark at 30 0 C. with caps
loose to pernmit air exchange.

Sampling: All units were sampled bi-weekly ovor a period of eight weeks.
The pH of the water bottoms in each unit was checked at the

end of eight weeks.

-I
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APPENDIX F (Cont'd.)

Microbiological Analyses: One tenth ml of the water bottoms from active
units was added to 9.9 ml of sterile distilled

water to give an initial dilution of l:100. Difco Plate Count Agar (TOE)
and Sabouraud Maltose Agar were streaked as described in Appendix C, to
estimate the nimber o? viable microorganisms present. The sterile control
units were checked at four and eight weeks by adding 0.1 ml from eaoh repli-
cation in a series of 20 ml of Nutrient Broth. Media employed are presented F'
in Appendix B.

Details of Test Series:

Series ml of Sterile ml of 10% Sea Water
Designation C ITE. Fuel Active Sterile Iron*

A 400 20

B 400 20

C 400 20 "

f400 20+

E 400

F 400

(*) + Indicates the addition of a small piece of sterile
steel wool. The steel wool was washed with benzene and
acetone to remove residual oil and corrosion inhibitor.
It was then sterilized in a dry air over, at 1700C. for
3 hours.

6--
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Preparation of Pure Ha-drocarbon Blend

The following blend of pure hydrocarbor-3 was prepared on a weight
- basis to give equimolar concentrations of the various components. The

blend was Bterilised by filteriLng through a 0.45 micron Millipore filter,
and dispensed aseptically as needed.I

Constituents of Pure Hydrocarbon
Blend - n-Paraffins

Hydrocarbon* Grams in Mixture**

n-4ieptane 44

n-Octane 50

Sn-Nonane 56

n-Undecane 67

t n-Dodecane 76

n-Tetradecane 88I
"n-Hexadecane 100

(*) All hydrocarbons were Phillips grade pure

or 99+ Mol. %.

(•4) Weights of each hydrocarbon were calculated to
give equimolar concentrations in the final blend.

I1
F
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Warburg Manometric Procedures "

The apparatus used in this study was a constant temperature Warburg
Respirometer (American Instrument Co., Inc.) equipped with 125 ml BMD
flasks with center well. The cuntents of the flasks we - as folloaws :

Flask
10% Sea Water Solution (Appendix B) 29.0 ml
Hydrocarbon Liquid 1.0 ml

or or
Solid (Powder) 0.5 gn

Inoculim 1.0 ml i

Center We2l
10% KOH 1.0 ml. [j

All studies were conducted at 30 0 C. with agitation (72 cycles per
minute with amplitude of 4 cm) in an atmosphere of air. [i

The following purified hydrocarbons (Phillips Research Grade, 99÷ Mol %
American Petroleum Institute or National Bureau of Standards compounds) were
tested in this system:

n-Paraffins Heptane
Octane
Tridecane
Tetradecane

Iso-Paraffins Isooctane L
2 -Methylheptane
Ic-Methylhexanene

Toluene

meta-lylene
1,2,4-Trimethylben .. ie
n-Propylbenzene
Isopropylbenzene

Naphthalene
Biphenyl

Cycloparaffins 1,3-Dimethylcyclohexane
A mixture of Cyclopentane

Methylcyclopentane

Cyclohexane
Methylcycl-ohexane

I



APPEMIX I

Procedures for the Determination of Proteins and Carbohydrates

[ Proteins

1. Lowr7 method with Folin Phqnol Reagent (Lowry, 0. H., et al., 1951,
J. Biol. Chem., 193, 265)

Reagentsi

Folin-Ciocalteau Phenol Reagent (E. H. Sargent & Co.) diluted 1:2
in distilled water before use.

Protein Reagent: prepared by adding 1.0 ml of 2% CuSO"*5H20 and
1.0 ml 4% -o=5ium tartrate solution to 100 ml of 4% Na2 CO3 solution.
(Prepared as needed.)

I Protein Standard: Bovine serum albumin.

Procedure:

1. Add 0.5 ml of sample to a calibrated colorimeter tube.

2. Add 5.0 ml of Protein reagent and allow to stand approximately
10 minutes in a 450C. water bath.

3. Add 0.5 ml Folin Reagent, mix thoroughly, and let stand 15
minutes at room temperature.

4. Read in Spectronic 20 colorimeter at 660 millimicrons.

2. Spectrophotometric Method (Warburg, 0., and Christian, V., 1942
Biochem. Z., 310, 384)

Protein was determined spectrophotometrically by measuring light
absorption at 280 and 260 millimicrons in a Cary Recording Spectro-
photometer, Model 11 MS. The data given by Warburg and Christian
for known mixtures of crystalline enolase and yeast nucleic acid were
used to correct for nucleic acid content. A 5 ml silica cell (d'1l.0 cm)
was employed,

3. Modified Biuret (G. Beisenhers, et al. 1953 Zeitschrift fur Naturforachug
8b, 576-577).

Reagents:
Biuret Reagent: Nine grams of KNaC H 0•'•H2 0 are dissolved in
400 ml of 0.2 M NaOH. Three gramis ýf? ely powdered CuS0 4"f52 0

-165-
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and 5 grams of KI are then added. Each salt was dissolved completely
before adding the nex-t. The solution wau then adjusted to 1000 ml
with 0.2 M NaOH.

Protein Standard: Bovine ser-m albumin U
Procedurei

1. Cell free water bottoms were prepared by centrifugation I]
at 5000 rpm for 30 minutea;.

2. Fifteen ml of 3 K trichloroacetic acid (TCA)wers added with
agitation, to 85 ml of the cell free water sample or a U
dilution thereof.

3. The solution was allowed to stand for 1 to 3 minutes and
was then centrifuged at 5000 rpm for 30 minutes. The
supernate was decanted and the precipitate was washed 1 to
3 times with 0.5 X TCA. The number of washings depended on
the amount of excess salts present.

4. Five ml of Biuret reagent were added with stirring to the
precipitate. The volume was then adjusted to 10 ml with

distilled water.

5. After allowing 30 minutes for color development, the optical [
density of the solution was determined on a Baush and Lomb
Spectronic 20 colorimeter at 546 mu. A blank containing 5 ml
of Biuret reagent and 5 ml of distilled water was employed. [1

6. The quantity of protein present was determined from a bovine

serum albumin standard curve.

S~ Dialysis.

To remove water soluble materials which interfered with the a-,#" si, aliquots
representing 10% of the water bottoms were dialyzed against r. ;.ning tap water
for a minimum of 16 hours. Protein determinations were made before and after
dialysis. 3

!I
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Cydohratcs

Anthrone Method (Ashvell, G., 1957, Colorimetric Analysis of Sugars,
in n EMUnL. o1oy : 84, Edited by Colowick, S. P. and Kapla'A,
N. 6. •Aceaemic Pres, c., N. Y.

Reagent: Two grams of anthrone is dissolved in a liter of con-

centrated Sulfuric Acid.

Pro cedure:

1. 10 ml of Anthrone Reagent was added to a test tube and
chilled to 15-20PC.

S•2. 5 ml of sample or standard was carefully layered over
Ohe reagent and allowed to chill.

3. The tubes were then shaken vigorously while still immersed
in the bath.

4. The tubes were then brought to room temperature and placed
in a 90 0 C. bath for 16 minutes.

5. Upon removal from the bath, they were cooled to room
temperature and read at 625 mu in a Spectronic 20
Colorimeter.

I
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APPENDIX J

Methods Employed for the Determination of Non-Protein

and Non-Carbohydrate Compounds

The presence of neutral and acidic compounds detemivned by. employing
the procedures outlined by A. C. Neish (Analytical Methods for Bacterial
Fermentations, Report No. 46-8-3, 1952, National Research Council of
Canada).

Step 1. Distillation of volatile neutrals. A 50 ml. aliquot of
each water bottpm was adjusted to pH 8.0 with NaCH and distilled.
Approximately 25 ml of distillate were oellected.

Step 2. Steam distillation of volatile acids. The residue from
Step 1 (25 ml) was adjusted to pH 4 with phosphoric acid, and steam
dibtilled. Approximately 250 ml of distillate wer collected.

Step 3. Extraction of non-volatile neutrals. The residue from
Step 2 (25 ml) was adjusted to pH 1.0 with NaOH." A 10 ml aliquot was
then extracted with 1.0 ml of redistilled carbon tetrachloride.

Step 4. Extraction of non-volatile acids. The portion of unextracted
residue from Step 3 (15 ml) was then adjusted to pH 4.0 with phosphoric
acid. A 10 ml aliquot was then extracted with 1.0 ml of redistilled carbon
tetrachloride. [I

The presence of neutral compounds In the distillate from Step 1 was
determined by the Acid Dichromate procedure described by Neish. In
addition, a carbon tetrachloride extract of the distillate was prepared U
and analysed in a Varian Model A-60 KKR. The carbon tetrachloride extracts
prepared in Steps 3 and 4 were also analysed by the W. u

Titration with 0.01 N NaOH was used to establish the presence of
volatile organic acids in the steam distillate from Step 2.

U

ii
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APPNIX K

Data on Frmentor Operations

A single unit MicroFerm Laboratory FNrwntor, manufactured bly
Now Brunswick Scientific Co., Inc., Now Brunswick, N.J., was emloyed
in these studies. Sea water medium as described in Appendix D, (&uterly
Progress Report No. 4, was uded in this system.

Run No. 1 - Inoculum II on n-Octane

The formentor was set up with 10 liters of sea water solution (pH 7.4)
containing 50 ml of n-octane (Phillips Pure Grade, 99+ Hol. I). A 5%
irnoculux of 24-hour cells was employed.

Air Flow 5 liters per minute
Mixi~ng Rate 400 rpm

Octane was added continually at a rate of 3 .l per hour during the
ontire run because of hydrocarbon loss due to volatility. Silicone anti-
foam (Dow Coming Anti-foam A) was added sparingly ihile the fermentor
was operating. Approximately 1 ml of anti-foam was added. 7he feruentor
was shut down after 119 hours of continuous operation. Final pH of the
medium was 4.8.

Run No. 2 - inoculum III on Naphthsoene

The fermentor was set up with 10 liters of sea water solution (pH 7.4)
and 25 grams of naphthalene (USP Grade). A 5% inoculum of 24-hour cells
was employed.

Air Flow 3 liters per minute
Mixing Rate 600 rpm

The fermentor was operated continuously for a period of 26 hours before
being shut down because of foaming. Final pH of the medium was 6.9.

Ran No. 3 - Inoculum I on CITE Fuel

The fermentor was set up with 5 liters of sea water solution and
5 liters of CITE fuel. A 5% inoculum (based on aqueous phase) was added
to the system.

Air Flow 5 liters per minute
Mixing Rate 400 rpm

-169-
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After 36 hours operation, the fuel phase had been reduced by 1.5
liters. This volume was replaced by an aliquot 0-30% cut of the fuel.
Another aliquot was added on the third day. The pH was unchanged up to
this time. On the fourth day heavy growth was observed along with
emulsification. Anti-foam was not added to the system. The pH had
dropped to 5.0. At this time the unit was shut down and allowed to
stand for 3 days. The contents of the fermentor were divided in half
and used to inoculate two 40-liter carboys containing CITE fuel.

Run No. 4 - Inoculum II on CITE fuel

The fermentor was set up with 5 liters of sea water solution Li
(pH 7.4) and 5 liters of CITE fuel, Blend 1 (qO'R 2).

Air Flow 5 liters per minute I
Mixing Rate 600 rpm

The fermntor was shut down after 78 hours of continuous operation. A
heavy stable emulsion formed on the third day of operation. The final
pH of the water bottoms was 6.2.

ui n No . 5 - Inoculj um III on CITE fuel L
The fermentor was set up as described above for Run 4. After

140 hours of continuous operation the fermentor was shut down. During
the first 72 hours, no significant amount of growth was apparent in
the system. At that time 10 grams of naphthalene (USP Grade) was added.
Fbrty-eight hours after the addition of naphthalene, only slight microbial
growth had occurred and the pH had dropped to 6.7. During the next 20 hours,
heavy growth developed and a thick emulsion formed. Final pH of the water
bottoms was 5.0.

'i
i 
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APPENDIX L

Procedures Employed to Separate Phases
Obtained in the Fermentor Runs

Fractionation of sludge and water bottom samples was carried out
as outlined in Appendix 3. In addition, tWo other fractions, a water
extract and a n-hexane extract, which had previously been combined with
the water bottoms and fuel phases respectively, were handled separately.
They were given the following designations.

Fraction D - Water soluble extrca..t Materials extracted from
the sludge with die.; ,d water. The water
bottoms, Fraction C, w handled separately.

Fraction E - Hexane solublesa Materials extracted from the
sludge with n-hexane.

Separations employed on the fermentor contents after each run are
presented below. Three phases were obtained from each fuel run. Frac-
tionations were made on the sludge fraction and on the residue obtained
from the emulsions. No attempt was made to analyze the fuel phases at
this time.

Fermentor Runs 1 and 2 - Inoculum II on n-Octane and Inoculum III on Naphthalene

Microbial sludge (cells) were readily collected by centrifugation at
5000 rpm.

sFermentor Runs 3 and 4 - Inoculum I on CITE (2 sta4e) and Inoculum II on
CITE fuel

1) An initial separation of the fuel, interface and water phases was
made in a separatory funnel. In Run 3 the bulk of the fuel was decanted
before tne volume could be handled iu a separatory funnel.

2) The interfacial emulsion was washed extensively with distilled
water. Cells were removed from the water washings by centrifugation at
5000 r-m. Following the water treatment, the emulsion was washed exten-
sively with n-hexane in an effort to remove the fuel phase. The remaining
emulsion was evaporated to dryness at 1052C.

3) The fuel phase was relatively clear but was filtered through No. 1
Whatman paper to remove traces of water.

4) Cells were removed from the water bottoms by centrifugation at 5000 rpm.
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APPENDIX L (Cant'd.) [

Fermenter Run 5 - Inoculum III on CITE fuel I

An attempt was made to separate the three phases as described above
for Run 5. The fuel was separated easily along with the emulsion phaas.
However, centrifugation at speeds up to 25,000 rpm (Sharples Supercentrifuge) L
would not remove the cells from the water phase.

The interfacial emulsion was treated as described above and then"1:
collected on No. 1 Whatman filter paper in a Buchner funnel. Hydrocarbon
and water were forced through the filter paper. The paper was then dried
at 1050C and the residue collected.

1.

To facilitate analysis of the water bottoms, the entire layer,
including cells, was evaporated to dryness at 105'C. The dried residue
was subjected to the routine extractions and analyses.

This run was repeated and the water bottoms collected. Cells were
removed by filtration and centrifugation to obtain water bottoms for
analysis.

Li
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IAPPENIX M

Fractionation of Microbial Slude

The following procedure was employsd in an effort to obtain a
relatively pure carbohydrate fraction for infrared analysis.

1. Microbial sludge from Fermentor Run 1 was autoclaved and
dried at 109C overnight.

2. Ter ml of 10% TCA (trichloroacetic acid) were added to one
gram (f dritd sludge. The mixtur, was stirred far 1.5 hours at OC.

3. The precipitate was then collected by centrifugation at 5000
rpm at OC., and washed three times with 10% TCA solution.

4. The supernate and all TCA washings were combined and evapcrated
I to dryness.

5. The dried acid soluble material, which included carbohydrates.
was washed three times with 100 ml aliquots of ether. This was followed
by three washes with absolute ethyl alcohol to remove the TCA.i

6. The final preparation was dried and an IR spectrum prepared.

I
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APPENDIX N

n-Tet--.:!cane Series

One gallon square milk bottles were employed as culture containers
for two ftngus cultures, Inocula IV and VII. The bottles were set up
a follows.

40) ml Sea Water Solution, p1 7.h (QPR h)
h ml n--Tetradecane (Filter sterilized)
1 ml Inoculum (Including clump of fungus

mycelium)

The bottles were incubated on their sides to increase the surface area
available for fungus growth.

'I
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APPENDIX 0

Analytical Procedures

1. Carbon and hydrogen Macrocombustion Apparatus Model 1237A
Hallikainen Instruments
Berkley, Calif.

2. Ash (%) ASTM Procedure D-4182-63
ASTM Stanr',L-aa .I6 4 , 2ýrt 17, pp 218-29

3. Oxygen SinclAir method invclvinl chromatographic
det'irmination of carbon monoxide after
' ,duction pyrolysis.
Gab Chromatographic Determination of
Total Oxygen in Organic Materials,
Boys, F. L. and Dvdorak, B. D., to be
published in "Developments in Applied
Spectroscopy'. vol. 4, Plenum Press

4. Sulfur Peroxide Bomb Combustion Technique

Parr Manual No. 121, p. 28
Parr lnstrinent Co.
211 53rd St.
Moline, Ill.

5. N-trogen Modifieo Coleman Nitrogen Analyzer,
Model 29, UrJu+ equipped with gas chronato-
graph.

6. Phosphorus ASTM Prc ( dure D-101-56T
ASrri Sta-,iards 19 64, Part 17, pp. 387-396

7. Sodium and potassium Beckman DU with Fla.ne Photometer attachment

8. Metals (Qualitative) i.5 Meter Grating Emission Spectrograph
Applied Research Laboratories Instrument
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